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Abstract

This report provides the results of an extensive and important study gfdtential for a U.S. scientific
program that will extend our knowledge of neutrino oscillations well beiywhat can be anticipated from
ongoing and planned experiments worldwide. The program examinedhasthe potential to provide the
U.S. particle physics community with world leading experimental capability in thissetgmnteresting and
active field of fundamental research. Furthermore, this capability caulehiue compared to anywhere
else in the world because of the available beam intensity and baseline déstatee present study was
initially commissioned in April 2006 by top research officers of Brookhavational Laboratory and Fermi
National Accelerator Laboratory and, as the study evolved, it alsagedvwesponses to questions formu-
lated and addressed to the study group by the Neutrino Scientific Advisomyr@tee (NUSAG) of the U.S.
DOE and NSF. The participants in the study, its Charge and history, plusuiihe results and conclusions
are provided in this report and its appendices. A summary of the conctusigmovided in the Executive

Summary.
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May 9, 2007
Milind Diwan,
Brookhaven National Laboratory,
Regina Rameika
Fermi National Accelerator Laboratory

Dear Milind and Gina,

Neutrino physics is recognized as one of the most exciting aspects of particle physics in this and

the next decade and perhaps beyond. Of course the strategy to make progress is a difficult one to

map and to execute. In particular, understanding the issues underlying the potential directions for
the long baseline approach using conventional, if high powered, neutrino beams is key.

In response to this need, we appreciate that you agreed to lead a study of this subject with a view
to understanding, in particular, the US potential. We would like to recognize that we have
received the report which you have posted as BNL-77973-2007-IR and FN-0801-AD-E, which
can be found at:

http://nwg.phy.bnl.gov/fnal-bnl/

The Fermilab PAC was very impressed by this report as presented at its meeting in spring 2007.
We have looked again at the final product and would like to formally accept the report. As you
pointed out to us, the web site contains a large body of ancillary work, which provides the basis
for what is included.

We extend our appreciation, which you both so richly deserve, also to your colleagues across the
US and the world who participated in the study and who assisted in the formulation of the report.

Sincerely,

W%»m

Samuel Aronson
Director, Brookhaven National Laboratory

Piermaria Oddone
Director, Fermi National Accelerator Laboratory



1. EXECUTIVE SUMMARY

This report provides the results of an extensive and impodaudy of the potential for a U.S.
scientific program that will extend our knowledge of neutrwscillations well beyond what can
be anticipated from ongoing and planned experiments wadelwThe program examined here
has the potential to provide the U.S. particle physics comtywith world leading experimental
capability in this intensely interesting and active fieldwidamental research. Furthermore, this
capability is not likely to be challenged anywhere else mworld for at least two decades into
the future. The present study was initially commissionedpnil 2006 by top research officers of
Brookhaven National Laboratory and Fermilab and, as theysgtvalved, it also provides responses
to questions formulated and addressed to the study groupéoyeutrino Scientific Advisory
Committee (NuUSAG) of the U.S. DOE and NSF. The participantthenstudy, its Charge and
history, plus the study results and conclusions are providehis report and its appendices. A
summary of the conclusions is provided in this Executive Suany.

The study of neutrino oscillations has grown continuouslytsilkey impact on particle physics
and various aspects of cosmology have become increasitegly. cThe importance of this fun-
damental physics was recognized by the National Researchcilldliand the Office of Science
and Technology Policy[2], and its national budget priohs been established in a joint OSTP-
OMB policy memorandum in 2005[3]. In fact, as the presentlgtconfirms, it is now possible
to design practical experiments that are capable of meggati the parameters that characterize
3-generation neutrino oscillations, including the dentiat®n of CP-violation for a significant
range of parameter values beyond present limits. Also, drireoexperimental approaches, in
which the detector (regardless of technology) is deployeepdunderground, considered in this
study has the potential to contribute, to a significant improent of our knowledge about nucleon
decay and natural sources of neutrinos.

The two experimental approaches studied here are compl&eiindetailed technical realiza-
tion, comprising several detector technologies, varipgesic neutrino beam designs and different
measurement strategies. They have in common, howeverxgheitation of experimental base-
lines of ~1000 km (a key advantage of a U.S. based program) and bothags make effective
use of existing Fermilab accelerator infrastructure withdest upgrades. The experimental de-
tectors required are very massive (in the several hundietbki range) because the interaction
rates are small. The designs for such detectors vary froeady-demonstrated at a scale of 50
kTon (Super Kamiokande) to somewhat speculative (larggdidrgon). In both cases, signifi-
cant R&D is still needed to demonstrate feasibility and obgaieliable cost estimate for the scale
needed here. The study has shown however, that it will bébieaand practical to carry out the
desired program of important neutrino physics, perhapsthay with improved nucleon decay and



natural neutrino investigations in the same neutrino detec

The output of the present study is twofold: 1) technical kssand conclusions that report the
results of the study and address the charge letter; 2) asswére 15 questions posed to the study
group by the NuUSAG Committee. These two outputs comprise itiane 50 pages of detailed
commentary and they are provided in full in the body of theorepnd Appendix A. Here, we
attempt to provide a somewhat condensed version of the stsdits and conclusions while urging
the reader to consult the full text of the report on any pdiné may appear to be questionable or
unclear. The summary results and conclusions were dista@sgbagreed to at the September 17,
2006 meeting of the study group.

Results and Conclusions:

e Very massive detectors with efficient fiducial mass>0100 kTon are needed for the ac-
celerator long baseline neutrino program of the future. \&fne efficient fiducial mass as
fiducial mass multiplied by the signal efficiency. For accater based neutrino physics, this
could correspond to several hundred kTon if the detectomatar Cherenkov detector and
> 100 kTon if it is liquid argon TPC with high expected efficigndhese detectors could
be key shared research facilities for the future particleslear and astrophysics research
programs. Such a detector(s) could be used with a long base&utrino beam from an
accelerator laboratory to determine (or bound) leptonic ORitton and measure all param-
eters of neutrino oscillations. At the same time, if located low background underground
environment, it would have additional physics capabsgifier proton decay and continuous
observation of natural sources of neutrinos such as supeTther astrophysical sources
of neutrinos.

e The Phase-Il program will need considerable upgrade to tinesigt accelerator intensity
from FNAL. Main Injector accelerator intensity upgrade~0700 kW is already planned
for Phase-I of the program (N@\). A further upgrade to 1.2 MW is under design and
discussion as described briefly in this report. The phagedyjram could be carried out
with these planned upgrades. Any further improvement$igus with a new intense source
of protons, will obviously increase the statistical semgit and measurement precision.

e A water Cherenkov detector of multi-100kTon size is needeabtain sufficient statistical
power to reach good sensitivity to CP violation. This requieat is independent of whether
one uses the off-axis technique or the broadband technimwéich the detector is housed
in one of the DUSEL sites.

¢ High signal efficiency at high energies and excellent bamligd reduction in a liquid argon
TPC allows the size of such a detector to be smaller by a fadt8rcompared to a water

2



Cherenkov detector for equal sensitivity. Such a detectstillgjuite large.

e The water Cherenkov technology is well established. Theessi signal extraction and
background reduction were discussed and documented dhlenthis study. The needed
background reduction is achievable and well understoothibroadband beam discussed
in this report, but not yet fully optimized. Key issues foabig up the current generation
of water Cherenkov detectors (Super-Kamiokande, SNO, atwl)locating such detectors
in underground locations in DUSEL are well understood. Tést end schedule for such a
detector could be created with high degree of confidence sAdpproximation for this was
reported to the workshop.

e For a very large liquid argon time projection detector keshtacal issues have been iden-
tified for the building of the detector. A possible develomtneath includes understanding
argon purity in large industrial tanks, mechanical andtebeics issues associated with long
wires, and construction of at least one prototype in the masge of 1 kTon.

e In the course of this study, we have examined the surfaceabperof the proposed mas-
sive detectors for accelerator neutrino physics. Water €tkav detectors are suitable for
deep underground locations only. Surface or near-surfpeeation of liquid argon TPCs
is possible but requires that adequate rejection of cosay€ be demonstrated. Surface or
near-surface operation capability is essential for theagi$ program based on the existing
NuMI beam-line because of the geographic area through whibeam travels.

e Additional detailed technical conclusions of the studymoéed in the Results and Conclu-
sions section of this report. These results could influehealetailed design of the specific
program selected.

Detailed sensitivity estimates for the choices under a@raition can be obtained from Section
13. Here we will give a broad comparison of the different expental approaches.

In the course of this year long study we have been able to dea@ral very clear conclusions.
Regardless of which options evolve into a future programfahewing will be required.

1. A proton source capable of delivering 1 - 2 MW to the newtpnoduction target.

2. Neutrino beam devices (targets and focusing horns) tadlefficient operation at high
intensity.

3. Neutrino beam enclosures which provide the required Evenvironmental and personnel
radiological protection.



4. Massive +>100 kton) detectors which have have high efficiency, regmuand back-
ground rejection.

5. For each of the above items, significant investment in Raarialis required and needs to be
an important aspect of the current program.

We have found that the main areas of this study can be distuskively simply if we divide
them into two broad categories : 1) The neutrino beam cordtgur and 2) The detector technol-
ogy. Further, we are able to summarize our conclusions intaltes which show the pros and
cons of the various options.

In Table | we compare the pros and cons of using the existingINdeam and locating detectors
at various locations, versus a new wide band neutrino beamm, Fermilab but directed to a new
laboratory located at one of the potential DUSEL sites,dte baseline of 1300 to 2600 km.

In Table 1l we compare the pros and cons of constructing maskgtectors ( 100 - 300 KT total
fiducial mass) using either water Cherenkov or liquid argchnelogy.



(1st maximum)

Optimized energy;
Optimized location for
1st detector;

Site will exist from NQVA project;

Pro Con
NuMI On-axis |Beam exists; L ~ 735 km
Tunable spectrum; Sensitivity to mass hierarchy is limited
Difficult to get flux < 3 GeV
NuMI Off-axis |Beam exists ; L ~ 800 km

Limited sensitivity to mass hierarchy

NuMI Off-axis

(2nd maximum)

Beam exists;
Optimized energy;
Improves mass hierarchy

sensitivity if 63 is large;

L ~ 700-800 km;

Extremely low event rate;

A new site is needed;
Energy of events is- 500MeV;

Spectrum is very narrow

WBB to DUSEL

More optimum (longer) baseline;
Can fit oscillation parameters

using energy spectrum;

Underground DUSEL site for detect

Detector can be multi-purpose;

New beam construction project$100M;

Multi-year beam construction;

DI,

TABLE |: Comparison of the existing NuMI beam to a possible new wide bandeloergy (WBLE) beam

to DUSEL




Pro

Con

Water Well understood and proven technology;|Must operate underground;
CherenkoyTechnique demonstrated by SuperK (50k$ale up factor is< 10;
Cavern stability must be assured
and could add cost uncertainty;
New background rejection techniques |NC background depends on spectrum
available; and comparable to instrinsic backgrou
Signal energy resolutior 10%; Low v signal efficiency (15-20%);
Underground location
makes it a multi-purpose detector;
Cosmic ray rate at 5000ft is0.1 Hz.
Excellent sensitivity tgp — et Low efficiency top — KTv.
Liquid Technology demonstrated by Scale up factor 0of-300 is needed;
Argon ICARUS (0.3KT);
TPC Needs considerable R&D for costing;

Promises high efficiency and
background rejection;

Has potential to operate

on (or near) surface;

Could be placed on surface
either at NuMI Offaxis or DUSEL;

Better sensitivity to

p—Kfv

Not yet demonstrated by
simulation of a large detector;
Needs detailed safety design for
deep location in a cavern;
Needs detailed demonstration
of cosmic ray rejection;

Surface cosmic rate’500kHz;
Surface operation limits

physics program;

TABLE Il: Comparison of Water Cherenkov to Liquid Argon detector teabgies



2. INTRODUCTION

This report details the activities and the results of a sdvaonth long study on long baseline
neutrinos. This workshop (named the US joint study on lorsghae neutrinos) was sponsored by
both Fermi National Accelerator Laboratory and Brookhavatidhal Laboratory.

Charge: This study grew out of two parallel efforts. An earlier atigt to create a joint
FNAL/BNL task force on long baseline neutrinos was initiabgdthe management of these two
laboratories. Later the need arose to provide input to therine scientific advisory commit-
tee (NUSAG) which was asked to address the APS study’s reemalation for a next generation
neutrino beam and detector configuration. The NuSAG chargeAppendix B. The APS study
report can be obtained from http://www.aps.org/neutrinidie study principals created a charge
with specific scenarios for an accelerator based prograra.cihirge from the chairs of the study
is in Appendix C.

Membership: Although the study group was asked to mainly focus on a neretation pro-
gram within the US, participation from the world wide comntyrof particle physicists was
sought. In particular, physicists engaged in the Europegnvalent of this study (the Interna-
tional Scoping Study: http://www.hep.ph.ic.ac.uk/jssére kept abreast of our progress. The list
of physicists who participated in this study by either ciimitting written material, presentations,
or discussion is at http://nwg.phy.bnl.gov/fnal-bnl/

The membership was divided into several subgroups. Thdeaater subgroup studied and
summarized the proton intensities available mainly fromAENThe neutrino beam subgroup

summarized the neutrino beam intensities and event rategafous possibilities. The water
Cherenkov subgroup summarized the current understanditijeatonceptual design of such a
detector as well as the state of the art in simulating andnstaacting events in such a detector.
The liquid argon detector subgroup studied the capalsildfesuch a detector as well as the feasi-
bility of building a detector large enough to collect sufici numbers of events. The results from
each of these groups is either in presentations, techncaindents prepared in the near past, or in
technical documents prepared specifically for this study.

Scope of the work As specified in Appendix C, the scope of our work was limitecton-
ventional horn focused accelerator neutrino beams fromdd8lerator laboratories. It was asked
that we study a next generation program by placing massitectigs either off-axis on the sur-
face for the NuMI beam-line at FNAL, or by building a new insenbeam-line aimed towards a
new deep underground science laboratory (DUSEL) in theeme1S. The detector technology to
be considered was either a water Cherenkov detector or @ l&gon time projection chamber.
The international scoping study (ISS) on the other handdedwn new technology ideas such as
beta-beams and muon storage ring based neutrino factories.



¢ In the following we will refer to the N®@A program using the NuMI off axis beam as
Phase-I. We will not study or comment on this phase extelyssiece it has been previously
reviewed extensively, but it will be necessary for us to Iseeixtensive existing material for
this phase to study the next two items.

e An upgraded off-axis program with multiple detectors, utthg a massive liquid argon
detector, as Phase-ll(option A). There could be variousioes of Phase-ll(option A), with
or without a liquid argon detector, with a water Cherenkowedtdr, and/or detectors at
various locations off axis. We will attempt to elaborate droathese.

e A program using a new beam-line towards DUSEL, housing a m&ssultipurpose detec-
tor, either a water Cherenkov or a liquid argon detector, ldlicalled Phase-Il(option B).
We will provide information on the DUSEL candidate sites adlvas the two options for a
multipurpose detector.

Schedule The study followed the schedule outlined in Appendix F. Tihg@ meeting of the
FNAL and BNL management that led to the study was held at BNL oveNtber 14, 2005. The
charge of the workshop which defined the scope of the work wadiZed after the meeting on
March 6-7, 2006. It was decided at this meeting that sincéitie for the report was short, it was
best to create small subgroups to work on individual paparghe study. These papers would be
distributed to the study group as well as the NUSAG commétethey were prepared.

A set of presentations were made to the NuSAG committee on20a2006. Results from on-
going work was reviewed at this meeting. We selected July2@86 as a deadline for preparation
of the individual papers. Many, but not all, papers were areg by July 15, and were distributed
by web-site (http://nwg.phy.bnl.gov/fnal-Qnl

After discussion within the working group a summary repthis(report) was commissioned.
The contents of this report were reviewed by the study grauiseptember 16-17, 2006. The
deadline for delivering a preliminary report to NUSAG wadd@ber, 2006.

3. PHYSICS GOALS OF A PHASE-II PROGRAM

There is now an abundance of evidence that neutrinos dscilfaong the three known flavors
Ve, Vy andyvy, thus indicating that they have masses and mix with one andfh Indeed, mod-
ulo an anomaly in the LSND experiment, all observed neutascillation phenomena are well
described by the 3 generation mixing
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with |v; >, i = 1,2, 3, the neutrino mass eigenstates.

Atmospheric neutrino oscillations are governed by a masareql differencAm%2 = m§ — m% =
+2.5 x 10-3eV?[5] and mixing anglef,3 ~ 45°; findings that have been confirmed by accelerator
generated neutrino beam studies at Super-Kamiokande aN®S[b, 7].

As yet, the sign oﬂm%2 is undetermined. The so-called normal mass hierarchyg > mp,
suggests a positive sign which is also preferred by thealathodels. However, a negative value
(or inverted hierarchy) can certainly be accommodated.,ifathét is the case, the predicted rates
for neutrino-less double beta decay will likely be larged amore easily accessible experimentally.
Resolving the sign of the mass hierarchy is an extremely itapbrssue. In addition, the fact that
6->3is large and near maximal is also significant for model bagdiMeasuring that parameter with
precision is highly desirable.

In the case of solar and reactor neutrino oscillations [§-dfe findsAmg, = m3 — m? ~ 8 x
10-%eV? and 61> ~ 32°. Again, the mixing angle is relatively large (relative tethnalogous
Cabbibo angle- 13° of the quark sector). In additiorfkm%l is large enough, compared,[lsom%z, to
make long baseline neutrino oscillation searches for CRuii feasible and could yield positive
results, i.e. the stage is set for a future major discoveryWiGRtion in the lepton sector).

Currently, we know nothing about the value of the CP violatihgged (0< 6 < 360°) and
only have an upper bound [11] on the as yet unknown mixingeafgl (613 < 13°)

Sinf 26,3 < 0.2

The value oy3is likely to be determined by the coming generation of reaetalisappearance
and accelerator basag, — ve appearance experiments if $i013 > 0.01. Knowledge off;3
and d would complete our determination of the 3 generation lepbaxing matrix and provide a
measure of leptonic CP violation via the Jarlskog invariant.



1. . . .
Jep = 3 Sin 26;25in 26,3SiN 26,3C0S013SIN0.

If we use the above limit fofy3 then J-5P*" < 0.05 x sind, which could easily turn out to be
much larger than the analogous quark degree of CP viola8§H**~ 3 x 10°5.
Based on our current knowledge and future goals, a phasettimeprogram should include:

e Completing the measurement of the leptonic mixing matrix,
e Study of CP violation,

e Determining the values of all parameters with high precisicluding Jop as well as the
sign of AmZ, ,

e Searching for exotic effects perhaps due to sterile neumixing, extra dimensions, dark
energy etc.

Of the above future neutrino physics goals, the search fbsardy of CP violation is of primary
importance and should be our main objective for severabreag/hich we briefly outline.

CP violation has so far only been observed in the quark settbedStandard Model. Its dis-
covery in the leptonic sector should shed additional lightlee role of CP violation in Nature. Is
it merely an arbitrary consequence of inevitable phasesixmgmatrices or something deeper?
Perhaps, most important, unveiling leptonic CP violatiopasticularly compelling because of its
potential connection with the observed matter—antimattgimmetry of our Universe, a funda-
mental problem at the heart of our existence. The leadintaeagion is currently a leptogenesis
scenario in which decays of very heavy right—hand neutroneated in the early universe give rise
to a lepton number asymmetry which later becomes a barydibbaayon asymmetry via the B-L
conserving 't Hooft mechanism of the Standard Model at wealkestemperatures.

Leptogenesis offers an elegant, natural explanation mthatter—antimatter asymmetry; but
it requires some experimental confirmation of its variousiponents before it can be accepted.
Those include the existence of very heavy right-handedrinestas well as lepton humber and
CP violation in their decays.

Direct detection of those phenomena is highly unlikely; beer, indirect connections may be
established by studying lepton number violation in neolgss double beta decay and CP violation
in ordinary neutrino oscillations. Indeed, such disca®mwill go far in establishing leptogenesis
as a credible, even likely scenario. For that reason, malé$s double beta decay and leptonic CP
violation in neutrino oscillations are given very high piiies by the particle and nuclear physics
communities.
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Designing for CP violation studies in next generation naotpprograms has other important
benefits. First, the degree of difficulty to establish CP tiofaand determingSf*"“is demand-
ing but doable. It requires an intense proton beam of aboRtMW and a very large detector
(250~ 500 kton Water Cherenkov or a liquid argon detector of sizE00 kTon which could be
equivalent in sensitivity due to its better performancejctsan ambitious infrastructure will allow
very precise measurements of all neutrino oscillation ipatars as well as the sign Afn%z via
vy — vy disappearance ang, — Ve appearance studies. It will also provide a sensitive prdbe o
“New Physics” deviations from 3 generation oscillationsrlgaps due to sterile neutrinos, extra
dimensions, dark energy or other exotic effects.

A well instrumented very large detector, in addition to ike@erator based neutrino program,
could be sensitive to proton decay which is one of the topripies in fundamental science. As-
suming that it is located underground and shielded from @osays, it can push the limits on
proton decay into modes such ps— et 1i° to 10°°yr sensitivity or beyond, a level suggested by
gauge boson mediated proton decay in super-symmetric GUikeed, there is such a natural
marriage between the requirements to discover leptonic GBtion and see proton decay (i.e. an
approximately 500 kTon water Cherenkov detector) that ildcte hard to imagine undertaking
either effort without being able to do the other.

Such a large detector would also have additional physicatshies. It could study atmospheric
neutrino oscillations with very high statistics and look fioe predicted relic supernova neutrinos
left over from earlier epochs in the history of the Univeragyotential source of cosmological
information. Also, if a supernova should occur in our galéexpected about every 30 years), such
a detector would see about 100,000 neutrino events. Iniadgditcould be used to look for signals
of n—noscillations in nuclei and highly penetrating GUT magnatimnopoles which would leave
behind a trail of monopole catalyzed proton decays.

The physics potential of a very large underground detestexiremely rich. The fact that it
can also be used to determine (or bound) leptonic CP violainmhmeasure all facets of neutrino
oscillations gives such a facility outstanding discoveoyemtial. 1t would be an exciting, central
component of the world’s particle physics program for maegatles. On the other hand, a staged
approach using existing beam facilities should also beaggglto determine an optimum strategy.

4. STRATEGIES FOR THE PHASE-Il PROGRAM USING A CONVENTIONAL BEAM

In this section we will describe the essential features affbaxis narrow band beam versus an
on-axis broad band beam. We will then briefly summarize h@sdHeatures can be used to extract
the CP violation effect as well as all the other parametermpbirtance in neutrino oscillations.

Throughout this report we are concerned with conventiommah Hiocused beams in the US:
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the existing NuMI beam at FNAL or a new super neutrino beanh ¢bald be optimized for a
detector at a new deep underground national laboratory @) %&iith a possible large detector
(either underground or on the surface). The measuremenbstfimerest is always the appearance
measurementy,, — Ve, for which the horn focused beam has a limitation from theducible
background ofve contamination in the beam. The level of contamination ddpesn neutrino
energy and also the beam design and the off-axis angle, intthe range ot 0.5— 1% for
most practical beams. This contamination comes from desfigaions and kaons in the beam.
These cannot be completely eliminated. The second soutmac&firound is neutral current events
that mimic electron showers. This background is consideegdicible by detector design. In
particular, a fine grained detector such as a liquid argon d&€ctor will be capable of reducing
such background to very small levels. Most of the remainamprt will be concerned with the best
strategy for obtaining sufficient signal events while radgehese backgrounds. In this section we
will not discuss the issues of backgrounds in detail, bué givguide to the signal spectra, event
rates and comment on the implications.

Figures 1, 2, 3, and 4 show the spectra of concern. Care isreglgni comparing these plots
because they are plotted on a logarithmic energy scale. dtmeatization is per GeV of neutrino
energy per kTon of detector mass p&W x 10’secprotons of the appropriate energy on target.

These spectra were obtained by detailed simulations ubs@NuMI computer program|7].
For these figures a simple recipe was used to obtain chargezhtevent rate [12]: a cross section
of 0.8 x 10~38cn?/GeV (0.35 x 10-8cn?/GeV for anti-neutrinos) was used above 0.5 GeV and
the quasi-elastic cross section was used below 0.5 GeVeTdwrd be small differences due to
the detector target type (water, argon, etc.), but this is@gpproximation [13]. For figures 1
and 2 we have used the low energy (LE) setting of the NuMI beanfiguration which gives a
better flux at the 40 km site. Reference [12] contains spectrather choices. For all the off-axis
spectra 120 GeV protons were used and the normalizatiorr W x 10’secprotons; for 120
GeV protons this corresponds t®5< 10?° protons.

For Figures 3 and 4, the GNuMI program was modified for a wideddaw energy (WBLE)
design for the horns as well as a new decay tunnel with 4 m demaad 400 m length; these
are described in detail in [14]. For the WBLE beam, there is aaghof running with protons
from 40 GeV to 120 GeV. For these plots we have chosen 60 Geldmso The normalization is
for MW x 10’secprotons of 60 GeV. The spectra shown here should not be anesidptimum.
After thorough design and optimization there could be mbuhegrovements, but at this point we
are confident that these numbers are sufficiently good feréview.

For Figures 1 to 4 we have superimposed the expected prapalbiv,, — ve conversion for the
appropriate distance and for the following oscillationgraetersAmz, = 0.002%V?, Am3, = 8 x
10-5eV2, sinf26;, = 0.86, sirf 26,3 = 1.0, and sik26;3 = 0.04; the curves are for several choices
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of the CP phase and the left and right hand side plots are fawthédifferent mass orderings.

In Table Il we have calculated the rate of electron appeagavents for various scenarios by
integrating the spectrum together with the appearanceapility. This event rate is for all charged
current events; no detector efficiency factors are apphedetector with efficient fiducial mass of
100 kTon is assumed witk 10’ sec of running time with 1 MW of proton beam. No consideration
for backgrounds, energy thresholds, or resolution effacsn this table.

Also note that Figures 1 to 4 do not show the event rates frotimnantrinos. These can be
obtained from the study web-site [15]. We include anti-nieotrates and spectra in later sections
with more detail. We have included anti-neutrino event natéable IIl.

After considering the figures and the table we make the fafigwbservations:

e For simplicity we look at the electron neutrino event ratést= 0 and compare it tdcp =
—90°. In the limit that one has resolved the mass hierarchy usie@hti-neutrino data, the
modulation of the neutrino rate withp will give us the CP parameter measurement that we
seek. One can immediately see that the size of the CP effettidanaximum CP-{90°)
is approximately 8. To achieve this within a year of running (with no considenatfor
efficiencies, backgrounds, etc.) the efficient fiducial nagbie detector must be 1R00on
range if the accelerator power is limited to & MW. This conclusion is regardless of the
eventual choice for the beam-line.

e The size of the CP effect (for the maximum®a@ncreases modestly from 3o for the off
axis (810 km) 12 km option to about8b for 2500 km. Much of this increase can be traced
to the large CP effect at the higher oscillation nodes thabimecavailable for the larger
distances. The loss of statistics due to distance (48)1is largely compensated by the
increase in the strength of the CP related signal [16—18]. Bybdoing the 40 km off-axis
rates with the 12 km there is also a modest improvement in Ykeah CP measurement.
Nevertheless, for the choice of spectra in this report, Heeline length related effects for a
CP measurement are not dramatic for the range of choicessisttinly.

e Remarkably, it should also be noticed that the size of the Gfetafi the number of sigma is
approximately the same for the different values of 8 3. It has been pointed out, there-
fore, that for sik26;3 > 0.003, which is the range accessible for conventional acaieler
beams, the size of the exposure (efficient fiducial mass ptieldi by the total incident beam
power) needed to obtain a good measurement of the CP parasé@telependent 03
[16, 19, 20]. This is explained by the following argumenteTdsymmetry defined by

P(vy — Ve) — P(vy — Ve)

A

13



is proportional toJ 9" and therefore grows linearly with sz, but P(v, — Ve) is to
leading order proportional to si26;3 and therefore the statistical figure of merit, the error
on the asymmetnA should have little dependence 61s.

The size of the matter effect (the difference between thatenae for the two choices of
mass ordering) is approximatelyJor the 12 km off axis location for sfi26;3 = 0.02 for
neutrino rates alone. It is a much larger effect for longesetiaes. The probability curves
show that the effect is large for the first oscillation nodalircases. This effect will clearly
compete with the CP effect and must be determined along watiC&h effect for clarity. The
matter effect clearly is much stronger for larger valu@gf and therefore for a larger value
of 613, it will be easier to determine the mass hierarchy.

Examination of the probability curves in Figure 1 shows that12 km off axis spectrum is
sensitive mainly to the first oscillation node. The probibik affected not only by the CP
phase, but also by the value 643, the mass ordering, the uncertain values of other param-
eters such aAm%2 and 6>3. Also note that the probability curves at any particularrgpe
have degeneracies in the CP phase. These degeneracies éadisoessed in the literature
[21-23]. Therefore, to make a clean determination of CP timia one either needs very
good energy resolution (to exploit the small energy depeoelavithin the first node) with
good statistics, or one needs to perform another measutatie high oscillation node by
placing another detector further off-axis. This is one @& ¢ptions to be examined in this
report.

Examination of the probability curves in Figures 3 and 4 shivat the energy dependence
of the probability can be measured in a single detector bgticrg a beam spectrum that
matches the first few nodes over thel000 km long baseline. Obviously, in such a sce-
nario the neutrino energy must be measured in the detectrswificient resolution while
suppressing backgrounds [17]. This is also an option to Insidered in this report. An
illustration of how the various degeneracies affect the sneament is shown in Figure 5.
The figure illustrates the energy dependence for neutrinning only. It is clear that nar-
row band running will have additional ambiguities. How thean be broken with additional
anti-neutrino running or with high statistics and resauotwill be discussed later.

The neutrino event rate is roughly proportional to the tptaton beam power; the exact
numbers and deviations from this rule will be discussedwelthe total power that can be
obtained from FNAL Main Injector after upgrades increaséh ¥he output proton energy,
and therefore it is important to maintain the highest pdesilboton energy for either the
off-axis or on-axis scenarios. For the off-axis experiminat preferred running is at the
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FIG. 1: (in color) Spectrum of charged current events at a 12 km off-axis location at 810 km on the
NuMI beam-line. The spectrum is normalized per GeV BN x 10’secprotons of 120 GeV. The low
energy (LE) setting of the NuMI beam-line is used for this plot. Overlayedastiobability ofv, — ve
conversion for sifi26;3 = 0.04 with rest of the oscillation parameters as described in the text. The left plot
is for regular mass ordering and right hand side is for reversed mdssrg. Figure includes no detector
effects such as efficiencies, resolution, or backgrounds.

highest, 120 GeV, proton energy. For the FNAL-to-DUSEL optithere could be significant
advantage at running with lower proton energy. This willueel the long high energy tail
> 5GeV of the neutrino spectrum. This tail is outside the intergsbscillation region and
may contribute increased background in the form of neutradenit events that reconstruct
to have lower neutrino energy. The event rates given in tébler WBLE assume running
with 1 MW of power at 60 GeV. In the following we will comment t(iow 1 MW power can
be obtain while maintaining the a flux with low high energy g1 tail. The easiest way,
of course, is by having a small off-axis angle. The flux thatldde obtained with a.6°
off-axis angle to DUSEL at 1300 km is shown in Figure 6.

We will now explore the above observations in further detailuding the feasibility of beams
and detectors, current best knowledge on the performandetettors, and requirements for other
physics related applications of these very large deteatlitfes.
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FIG. 2: (color) Spectrum of charged current events at a 40 km off-axis location at 810 km on the NuMI
beam-line. The spectrum is normalized per GeV @V x 10’secprotons of 120 GeV. The low energy
(LE) setting of the NuMI beam-line is used for this plot. Overlayed is the gitibaof v, — ve conversion
for sin? 26,3 = 0.04 with rest of the oscillation parameters as described in the text. The lef$ fdotregular
mass ordering and right hand side is for reversed mass orderingekigludes no detector effects such as

efficiencies, resolution, or backgrounds.
5. ACCELERATOR REQUIREMENTS

All phases of the envisioned US neutrino accelerator pragRhase-I(N®A), Phase-lI(option
A), or Phase-ll(option B)require upgrades to the existing proton accelerator infrastrediuthe
US. Phase-I upgrades, already planned at FNAL, will inare¢he Main Injector extracted beam
power to 0.7 MW at 120 GeV (this is called “proton plan-2” arastbeen incorporated in the
NOVA project). The plan to further upgrade the Main Injector t& MW is called “the SNuMI
Project” [24]. Phase-Il will benefit from these upgrades.

We have used beam power in the range-6f5 to 2 MW for high energy protons-@0 GeV)
in our calculations because this level of beam power is nawgidered the next frontier for current
accelerator technology [25—-30] and also necessary torobtdficient event rate to perform the
next stage of neutrino oscillation physics. The techniicaithtions arise from the need to control
radiation losses, limit the radiation exposure of grountewand other materials, and the feasibility
of constructing a target and horn system that can survivenfghanical and radiation damage due
to high intensity proton pulses [29].

We quote event rates either in unitsM¥V x 10’secor number of protons on target (POT). A
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FIG. 3: (color) Spectrum of charged currentevents using a new wide band beam from FNAL to a location
at 1300 km. The spectrum is normalized per GeV &V x 10’secprotons of 60 GeV. Overlayed is the
probability ofv, — ve conversion for sifi26;3 = 0.04 with rest of the oscillation parameters as described in
the text. The left plot is for regular mass ordering and right hand side ie¥ersed mass ordering. Figure

includes no detector effects such as efficiencies, resolution, or tmacids.

convenient formula for conversion is below.

1000x BeamPoweiMW) x T (10's)

POT(10) = 1.602x Ep(GeV)

whereT is the amount of exposure time in units of’$Gnd E, is the proton energy. We now
briefly summarize the understanding of high energy prot@mbpower at the two US accelerator
laboratories where high intensity proton synchrotronsoperational, Fermilab and Brookhaven.
FNAL Main injector (MI): Discussion is currently underway to increase the total pdmen

the 120 GeV Main Injector (MI) complex after the Tevatrongmam ends [24, 25]. In this scheme
protons from the 8 GeV booster, operating at 15 Hz, will beexton the recycler (which becomes
available after the shutdown of the Tevatron program) wthike Ml completes its acceleration
cycle, which is shortened from the current 2.2 sec to 1.33Isea further upgrade the techniques
of momentum stacking using the antiproton accumulator,slipestacking using the recycler will
raise the total intensity in the Ml te 1.2 MW at 120 GeV [26]. In the rest of this report this will be
calledthe SNuMI planin the ideal case, the length of the acceleration cycleapgmtional to the
proton energy, making the average beam power proportiortaktfinal proton energy. However,
fixed time intervals in the beginning and the end of the acagtn cycle are required for stable
operation. These become important at low energies and edtiecperformance below the ideal.

17



wble060, numu CC, sin2thetal3=0.04, 2500km/0Okm Wble060, numu CC, sin2theta13=0.04, 2500km/okm

. F R 01 o _ : 01
S f ”ﬁ{ cp=+90 deg = T —cp=+90deg = =
L e - cp=180 de | 2 3
x 6 p 9 S B — - -~ cp=180 deg E
u,\"j - T cp=-90deg 008 2w | — cp=-90 deg 0.08
NOL

g 5F cp=0.deg R ~ . cp=0deg 8
s \ o § £} ] loos §
S | 0068 £ r n ~0.06 ©
S 4 ’rE =a 000 g
o f 12 8 }r( l g
= [ | < < [ <
s 3 2 3 i
&= :’H / \\H ~0.04 83 \ H “o.04
2 r 1 ot /\ 8
c * L
g 0 i % 2 \ &
1 Wi N o g 1 1 |
O L —10.02 r —
S i 8 lk 1A 70.02
= y = 4
c Oﬁ 1 LM I - - g 07\ et JJ\‘ I\VAl \J\\J N

-1 -0.5 0 0.5 1 1.5 20 =1 -0.5 0 0.5 1 1.5 20

log(Energy/GeV) log(Energy/GeV)

FIG. 4: (color) Spectrum of charged current events using a new wide band beam from FNAL to location
at 2500 km. The spectrum is normalized per GeV &V x 10’secprotons of 60 GeV. Overlayed is the
probability ofv, — ve conversion for sifi26;3 = 0.04 with rest of the oscillation parameters as described in
the text. The left plot is for regular mass ordering and right hand side ie¥ersed mass ordering. Figure

includes no detector effects such as efficiencies, resolution, or tmacids.

Current projections suggest tha0.5 MW operation between 4060 GeV and> 1 MW operation
at 120 GeV is possible.

More ambitious plans at FNAL call for replacing the 8 GeV keoswith a new super-
conducting LINAC that can provide.3 x 104 H~ ions at 10 Hz corresponding to 2 MW of
total beam power [27]. Some of the 8 GeV ions could be injeaténl the MI to provide high
proton beam power at any energy between 30 and 120 &g\40 GeV at~ 2 Hz or 120 GeV at
~ 0.67 Hz. Such a plan allows for flexibility in the choice of protenergy for neutrino production.
This plan will be called théigh intensity neutrino sourcgpgrade (HINS).

The projected proton intensity from the main injector foe duccessive upgrades at FNAL is
shown in Figure 7[28]. A reviewed cost estimate that has lreanded in the NOA project for
the 700 MW (proton plan-2) upgrade is $60M. The cost of themetre SNuMI plan (to 1.2 MW)
is at the moment very preliminary at $54M (without overhead or contingency factors). The
HINS upgrade is estimated to be approximate300M.

BNL AGS: The BNL Alternating Gradient Synchrotron (AGS) operatin@&tGeV currently
can provide about 1/6 MW of beam power. This corresponds tmtamsity of about % 103
protons in a 2.5 microsecond pulse every 2 seconds. The A@Sler can be upgraded to provide
a total proton beam power of 1 MW [30]. The main componentieftccelerator upgrade at BNL
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FIG. 5: (in color) Spectrum of charged current— ve events using the LE beam tune at 12 km off-axis 810
km location (left) and with a new wide band beam from FNAL (using 60 Ged{qrs) to a location at 1300
km. The spectra are normalized for 800/ x 10’secand the width of the band indicates the statistical error.
The parameters used for oscillations are shown in the figure, the remasniageters are as described in

the text. Figure includes no detector effects such as efficiencies, tiegplr backgrounds.
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FIG. 6: (in color) Spectrum of charged currewt events using a new wide band beam from FNAL to
location at 1300 km with slightly off axis location (12km) to reduce the high gn&ai. The spectrum

is normalized per GeV peaviW x 10’secprotons of 120 GeV. Overlayed is the probability gf — Ve
conversion for sifi26;3 = 0.04 with rest of the oscillation parameters as described in the text. The left plot
is for regular mass ordering and right hand side is for reversed mdssrg. Figure includes no detector
effects such as efficiencies, resolution, or backgrounds.
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Neutrino Rates ||Anti Neutrino Rate

192}

Beam (mass ordering)  [sin?26;3 ocp deg.

0°[-90° 180 [+90°|| 0°[-90°|180C°|+90°
NuMI LE 12 km offaxs (+) 0.02 |76|108| 69 | 36 || 20| 7.7| 17 | 30
NuMI LE 12 km offaxs (-)| 0.02 |46| 77 | 52 | 21 || 28| 14| 28 | 42
NuMI LE 12 km offaxs (+) 0.1 |336/408|320|248| 86| 57 | 78 | 106
NuMI LE 12 km offaxs ()] 0.1 |210/280|224| 153|125 95 | 126| 157

NuMI LE 40 km offaxs (+) 0.02 |5.7/8.8|5.1|2.225/1.6|0.7| 3.3
NuMI LE 40 km offaxs (-)| 0.02 [4.2/8.0/5.7|2.0(2.3/2.2,0.8| 3.6
NuMI LE 40 km offaxs (+) 0.1 |17|24|15|9.46.7/28|4.6| 85
NuMI LE 40 km offaxs (-)] 0.1 |12|21| 16| 7.7|/6.6/3.4|6.4| 9.6

WBLE 1300 km (+) 0.02 |141/192|128| 77 ||19| 11| 18 | 36
WBLE 1300 km (-) 0.02 |58|111| 88 | 35 ||45| 25| 45 | 64
WBLE 1300 km (+) 0.1 |607|720|579| 467|106 67 | 83 | 122
WBLE 1300 km (-) 0.1 (269 388|335| 216([196 154| 196| 240
WBLE 2500 km (+) 0.02 | 61103 88| 46 ||11|4.6|4.7| 11
WBLE 2500 km (-) 002 |16|36| 33| 13 (28| 15| 18 | 31
WBLE 2500 km (+) 0.1 |270361|328|238| 27| 13| 13 | 28
WBLE 2500 km (-) 0.1 |47|92| 85| 39 (103 74| 80 | 109

TABLE lII: This table contains signal event rates aftgr— ve (also for anti-neutrinos) conversion for the
various scenarios described. The event rates here have no detectelr or backgrounds. The units are
charged current events per 100 kTon of detector mass for 1 MW of feal 0’ secof operation. For NuMI

running we assume 120 GeV protons in the LE tune and for WBLE we haveresl 60 GeV protons. The

charged current cross sections applied as well as the oscillation parsinstd are described in the text.

are a new 1.2 GeV super-conducting LINAC to provide protanghe existing AGS, and new
magnet power supplies to increase the ramp rate of the AG®eatiadield from about 0.5 Hz to
2.5 Hz. For 1 MW operation 28 GeV protons from the acceleraitiroe delivered in pulses of
9x 103 protons at 2.5 Hz. It has been determined that 2 MW operafititecAGS is also possible
by further upgrading the synchrotron to 5 Hz repetition atd with further modifications to the
LINAC and the RF systems. The AGS 1 MW upgrade is estimatedsb&3#3M (TEC) including

contingency and overhead costs. This cost has been reviateedally at BNL.
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FIG. 7: Proton beam power from the Fermilab main injector as a functionpestergy for various scenar-
ios. Lowest (blue) curve is for the current complex running conctlyevith the Tevatron. Second (green)
curve is for the proton plan upgrades, third (light blue) curve is for [ @Nwecycler stage which will take
place after the termination of the Tevatron program, fourth (red) is for¢beraulator stage upgrades, the

uppermost (brown) is for the HINS upgrade which calls for a new 8 GEWNAL injector.

6. TARGET AND HORN DEVELOPMENT

All phases of the envisioned US neutrino accelerator pragrRhase-1 (N®A), Phase-
lI(option A), or Phase-lI(option B)require substantial development for a new target capable of
operating at high proton intensities and perhaps new fagusorn optics.

Current understanding of targets, and R&D in progress is suipethin [29, 31]. The neutrino
event rate is approximately proportional to the total pnob@am power (energy times current)
incident on the target. The parameters for target desigme toonsidered for a given power level
are proton energy, pulse duration, and repetition ratedttitian to these the shape and size of the
beam spot on the target, and the angle of incidence couldalsaried. Studies over the last few
years have come to the acceptance that with optimal choitteeatbove variables the upper limit
for a solid target operation is 2 MW. For a given accelerator facility these parameters terisk
correlated and constrained, and therefore a practicalfona solid target with current technology
is probably between 1 and 2 MW. Nevertheless, considerabik s needed to achieve a practical
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design for such a high power solid target and its integratiém a focusing horn system. Above
2 MW, liquid targets are likely the better choice, but theseices will require considerable R&D
and testing before they can be considered practical.

Target R&D which includes understanding of materials as aeglengineering issues of inte-
gration is a critical item for the physics program considarethis report.

7. NEUTRINO BEAM-LINES

There is currently good experience in building and opegghigh intensity neutrino beam-lines
in the US. The study group has concluded that it is possibliséoan existing or build a new super
neutrino beam-line based on current technology or exteesabcurrent technology and operate it
for the physics program described in this report.

In the following we summarize the status of US high energyebkator neutrino beam-lines.
There are two additional accelerator neutrino beam-lingke world with comparable technical
requirements: the CERN to Gran Sasso neutrino beam which ispevating, and the JPARC to
Super-Kamiokande neutrino beam which will start operaitioa few years. We will not report on
these in this report, but this study included presentatiore these facilities. It is clear that there
is plenty of communication and shared technical infornrabetween these centers and the US.

7.1. NuMlI

The design and operation of the NuMI beam-line was report¢dl]. In the NuMI beam 120
GeV protons from the Main Injector, in a single turn extrantdf ~ 10us duration every~ 2seg
are targeted onto a 8sh long graphite target. A conventional 2 horn system is usechtirge
select and focus the meson beam into a 675 m long, 2 meter @inevacuated decay tunnel. The
NuMI beam-line is built starting at a depth ef 50m and is aimed at a downwards angle of 3.3
deg towards the MINOS detector in Minnesota at a distanc@%krm from the production target.
The flux of the resulting neutrino beam is well known and wal described in a separate section
below.

NuMI beam transport, target, horns, and shielding weregiesi for operation with 4
10*3protons/ pulsewith a beam power of 400 kW. The goal is to averagex310?°protong/year.
The first year run of NuMI achieved typical beam intensitie® & x 10*3protons/ pulseor 200
kW. The total integrated exposure wad & 10°° protons on target for the period from March 2005
to March 2006. A number of technical problems were encoedtand solved during this time: at
the start of the run the cooling water line to the target hilene of the horns had a ground fault,
and most notably a detailed study of the tritium productiamf the beam-line had to be carried
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out. Various monitoring systems as well systems to collétated water were installed to elimi-
nate the amount of tritium going into cooling water and theimmment. The experience gained
from NuMI operations is indeed invaluable for future openaf neutrino beams.

NuMI beam-line was built at a total cost of $109M (TEC). The stoaction time was approx-
imately ~5 years. The beam-line became operational in March of 20@gradle and operation
of the NuMI beam-line for higher intensity for Phase-I isliraed in the new SNuMI conceptual
design report at FNAL[24, 28]. It is anticipated that for ogteon at 1 MW, the primary proton
beam-line, the target and horns, and cooling systems iratietthall will require upgrades. New
He bags and upgrades to the high radiation work areas walkddgnstalled. The total preliminary
cost of this upgrade~( 10M) is included in the cost of the proton plan-2 upgrade desdriin
Section 5.

7.2. Beam towards DUSEL

Members of this study group [28] have examined the possibigysand construction of a new
beam-line towards one of the site candidates for DUSELeeittenderson mine in Colorado or
Homestake mine in South Dakota. The study group has corgtltigd there are no technical
limitations to building such a beam-line on the Fermilale sising the same extraction line from
the main injector as the NuMI beam-line. The study group loamd significant advantage for
lower energy neutrino flux in making the diameter of the deicayel for the new beam-line up to
4 meters.

The new beam-line at FNAL would use the same extraction frlioenMain Injector into the
NuMI line; a new tunnel would pick up the proton beam from tihesent tunnel and transport it in
the western direction with the same radius of curvature @$thin Injector so that up to 120 GeV
protons can be used with conventional magnets. There isuatkegpace on the Fermilab site to
allow a new target hall with 45 m length and a decay tunnel ogtile 400 meter and diameter of
4 meters. This will allow the location of a near detector witl800 meters of length from the end
of the decay pipe. The new decay pipe would point downwards aingle of 5.8%to Homestake
(1289km from FNAL) or 6.68 to Henderson (1495 km from FNAL). The diameter of the decay
tunnel is a crucial parameter for both the neutrino beammsitg and the cost and feasibility of
the beam-line; it will require detailed optimization. Wiblur present understanding, construction
of a 4 meter diameter decay tunnel with adequate shieldingventually 2 MW of operation is
possible. If the additional concrete shielding is found éarlmdequate then the decay pipe would
have to be reduced to 3 meter diameter because of the maximssibfe span of excavation in the
rock under FNAL[32]. The thickness of the shielding has beealed from the NuMI experience,
but the implications of the wider diameter for radiationuiss (in particular, trittum production)
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will need careful study. After optimization, the cost of Bug project can be reliably estimated
from the known cost of the NuMI project.

A new beam-line from BNL-AGS to either Homestake (2540 km) enbdlerson (2770 km) has
also been examined in a BNL report[30]. They have made thecehdfi building the beam-line
on a specially constructed hill where the shielded targsiast is located on top of the hill and
the meson decay tunnel is on the downward slope of the hiitpg towards DUSEL at an angle
of 11.7 (Homestake) or 13%0(Henderson). Due to the limitations on the height of the, e
decay tunnel length is restricted to K200 meters with a diameter of 4 meters. The cost of such a
beam-line including construction of the hill and protomtgport to the top of the hill was estimated
to be $64M (TEC) including contingency and overhead; thig bas been reviewed internally at
BNL. Further work on this option has not been part of this study

8. EVENT RATE CALCULATIONS

The neutrino flux and the numbers of expected events with atitbwt oscillations were cal-
culated for both the NuMI off-axis beam and a new broadbarmrarbewards DUSEL. This calcu-
lation assumes no detector resolution model or backgrogjedtion capability. Both calculations
were performed using the same GEANT based GNuMI code. This t@as been extensively
tested as part of the MINOS collaboration. It has been verdigainst recent data in the MINOS
near detector. The code and associated cross section msddewn to produce agreement with
the MINOS near detector event rate per proton to about 10%eapeéak of the spectrum and of
the order of 20-30% in the tails of the spectrum with no adpnestts. We have also calculated
anti-neutrino event rates. The accuracy here is worse gibgitause of the lack of data from the
NuMI beam-line. The anti-neutrino spectra have disagrexsri@etween various production codes
of ~ 30%. We believe this is sufficient accuracy for the purpo$eiis study.

It is very likely that neither the specific off-axis configtican nor the broad-band configura-
tion is highly optimized for the physics under considenaticGGuch optimization could result in
modest gains, especially at low energies. At this stagestisegood confidence that the possible
improvements will not change the overall picture and sesisitoutlined in this report.

8.1. NuMlI off-axis locations

We have calculated the neutrino flux and event rates at \&dafftaxis distances from the NuMI
beam-line. NuMI was assumed to be configured in the mediumgg®E) or low energy (LE)
beam configuration for the results quoted here. The low graogfiguration provides better event
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rate at the 40 km off-axis location in the low energy peak.r&hg, however, event rate loss at the
12 km location.

The details of the calculation, as well as the spectra aréZh [Tables IV for neutrino running
and V for antineutrino running summarizes these event raté® normalization is peMW x
10’secprotons of 120 GeV and for 1 kTon of efficient detector massr&lare no corrections for
the type of target nucleus in the detector. There are no efibaes for reconstruction or fiducial
cuts in this calculation.

We have used tabulated cross sections to calculate the matestin the various columns. The
column labeled ¥, CC” is the total charged current muon neutrino event ratg.CC osc” is the
charged current muon neutrino event rate after oscillatiéne CC beam” is the charged current
rate of electron neutrino contamination in the beawy QE beam” is the charged current quasi-
elastic event rate of electron neutrino contamination ékibam. “NC-11*” is the rate of neutral
current single pion production integrated over the notextggnrange; no detector related rejection
is assumed in this tabley;; — ve CC” is the charged current event rate of electron neutrines aft
oscillations using the oscillations parameters describeskction 4. ¥, — ve QE” is the quasi-
elastic rate of electron neutrinos after oscillations ggtme oscillations parameters described in
Section 4. For example, the totg} CC event rate in 5 years with7x 107 sec/yr in a 100 kton
detector without oscillations at 40 km (LE) off axis can b&atated to be 88x 100x 5x 1.7 =
4573. This event count includes events from both the piontb@dkaon peaks at about 0.5 and 4
GeV, respectively.

8.2. Wide band beam towards DUSEL

The spectra and the event rate for a beam towards DUSEL wkndatad by using the same
GNuMI framework but the geometry of the target, horns, arddécay tunnel was changed. The
full calculation and the resulting spectra are describgti4h The integrated event rates are shown
in Table VI and Table VII. There are a few of comments of impade:

e The calculation in the table is for 1300 km (the FNAL to Honaést distance), but it could
be easily converted to 1500 km (the distance to Hendersohg. uhoscillated rate scales
as 1/r?, but the oscillated event rate scales according to thelasaeii function. When we
demonstrate the full sensitivity calculation later in treport we include the variation with
distance. For 1300 versus 1500 km this variation is small.

o Ealier work on sensitivity used a 28 GeV proton beam [20]. dtal v, CC event rate in
100 kTon efficient fiducial mass after 5 years at t 10’ sec/yr without oscillations using
Ep = 28 GeV protons with 1 MW running is 44625 events integratedrd+20 GeV. It
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TABLE 1V: Signal and background interaction rates for various Nulaim configurations, baselines and
off-axis distances. Rates are given per MWSLRT. The rates are integrated over the range 0-20 GeV. For
vy — Ve Oscillations a value of sfr2613 = 0.04 andAr‘r‘%1 —25x 103 eV? is used. No detector model is

used.

Distance off-axisv, CC|v,, CC os¢ve CC beamve QE bearﬁNC-ln0 Vu — Ve CClv, — Ve QE

NuMI LE tune at 700 km

0 km|400.2 |267.6 4.55 0.444 21.2 |3.66 0.676
40km 4.81 2.66 |0.190 0.047 0.525 |0.071 0.038

NuMI LE tune at 810 km

0 km(299.0 [187.4 3.40 0.332 15.8 |3.10 0.551
6 km|198.6 |107.0 2.59 0.275 119 |253 0.506
12km 84.4 | 31.9 1.57 0.193 6.79 |1.41 0.367
30km 11.6 | 8.38 |0.353 0.070 1.32 |0.107 0.046
40km 5.38 291 |0.195 0.045 0.596 |0.084 0.045

NuMI ME tune at 810 km

0 km|949.1 |781.1 7.14 0.485 306 |4.71 0.527
6 km|304.9 |191.4 3.83 0.313 149 |(3.19 0.491
12 km 80.5| 32.0 1.81 0.174 574 |1.33 0.330
30km 8.59 552 ]0.321 0.051 0.81 |0.094 0.038
40km 4.14 240 |0.168 0.032 0.427 |0.054 0.022

should be kept in mind, however, that according to [25], thalable beam power is less
for lower energies (see Fig. 7). In the technical note [14j$ been shown that the 40-60
GeV spectrum could be very similar to the 28 GeV with consiikr increase in event rate
per unit beam power. It has also been shown that it is postillen at the full energy of
120 GeV and still obtain essentially the same spectrum a2&l@&eV one with a small 0%
off-axis angle. With such a choice the neutrino (antinealrievent rate is 76415 (28475)
for 100 kTon and 5 yrs for 1 MW and 1x 107 sec/yr.

e Tables VI and VII represent our present understanding oditocrg such a beam. When
optimization is performed coupled to the complete undeditay detector performance ver-
sus energy, the spectrum could be adjusted to give the lgestidiackground performance.
This could be accomplished by optimizing the horn opticdamnidiserting secondary targets
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TABLE V: Signal and background interaction rates for various NuMi-agutrino beam configurations,
baselines and off-axis distances. Rates are given per MB/KID The rates are integrated over the range
0-20 GeV. Forv, — Ve oscillations a value of sfr26;13 = 0.04 andAr’r‘%1 =25x%x103eV?is used. No

detector model is used.

Distance off-axisv, CC|v, CC 0s¢ve CC beamve QE bearﬁNC-ln0 Vy — Ve CClV, — Ve QE

NuMI LE tune at 700 km

0 km|157.6 |102.3 1.69 0.306 19.3 |1.25 0.306
40km 1.64 0.905 |0.063 0.021 0.544 |0.024 0.016

NuMI LE tune at 810 km

0 km|117.7 | 71.0 1.26 0.229 144 |1.026 0.285
6 km| 77.6 | 39.8 0.925 0.179 10.8 |0.800 0.241
12km 31.7 | 10.9 0.545 0.116 6.29 |0.388 0.145
30km 3.87 2.69 |0.122 0.035 1.31 |0.043 0.025
40km 1.81 0.97 |0.066 0.021 0.609 |0.029 0.018

NuMI ME tune at 810 km

0 km|350.6 |285.1 2.53 0.349 23.6 |1.59 0.316
6 km|112.8 | 69.0 1.28 0.208 11.9 |1.011 0.259
12km 27.7 | 9.83 |0.601 0.105 4.76 |0.348 0.125
30km 2.66 1.67 |0.109 0.027 0.70 |0.027 0.014
40km 1.27, 0.73 |0.057 0.016 0.376 |0.015 0.008

(plugs) that remove high energy pions from the beams (sdg [33

e We have integrated the rates of various types of events beesdme energy interval 0-20
GeV for Tables IV to VII. It should be understood that therednsiderable variation in
the signal to background ratio as a function of energy. Taadetl appreciation of this we
recommend the reader to explore the spectra at the studysiee[t5]. The variation also
depends on oscillation parameters. In particular, it shdng noted that the CP violating
phase as well as the mass hierarchy is responsible for méhengeak of the oscillation
probability by as much as 0.5 (0.7) GeV for the 810 (1300) km baseline. This variation
coupled to the width of the useful spectrum and the deteciergy resolution has an impact
on the parameter sensitivity of the program.
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TABLE VI: Signal and background interaction rates at 1300 Km (FerrH&@MESTAKE) using different
WBLE beam energies and off-axis angles. The rates integrated oveetheno energy range of 0 - 20
GeV. Rates are given per MW.1€KT. Forv, — ve oscillations a value of sfr2613 = 0.04 andAr‘r‘%1 =

2.5x 103 eV2is used. No detector model is used.

Degrees off-axisv,, CC|v, CC 0s¢ve CC beamve QE beamNC-1r1°|v,, — ve CC|v, — Ve QE

WBLE 120 GeV at 1300 km with decay pipe 2m radius 380 m length

0°]198.2 {104.9 1.89 0.179 9.11 |2.85 0.408
0.5°| 89.9 | 37.9 1.22 0.140 5.62 |1.62 0.300
1.00| 34.2| 195 0.621 0.095 295 10470 0.129
25| 466 236 |0.116 0.032 0.550 |0.094 0.049

WBLE 60 GeV at 1300 km with decay pipe 2m radius 380 m length

0°1151.0 | 69.2 1.34 0.169 7.83 |2.53 0.403
0.5 77.2 | 28.7 0.906 0.134 533 [1.52 0.305
1.00| 33.3| 184 0.520 0.098 3.08 10.480 0.141
25| 505 256 [0.120 0.035 0.611 |0.105 0.058

WBLE 40 GeV at 1300 km with decay pipe 2m radius 380 m length

0°|110.4 | 44.4 1.02 0.159 6.50 |2.05 0.357

WBLE 28 GeV at 1300 km with decay pipe 2m radius 180 m length
0°| 52.5| 194 0.374 0.074 3.87 |1.05 0.223

9. DETECTOR REQUIREMENTS

The detector requirements for a detector in a beam towardsHlANnd a detector in the NuMI
off-axis beam are quite different. Although the physicslgdaneasuringd;3, mass hierarchy, and,
above all, CP violation is the same, the obstacles to obtdiitismt sensitivity to this physics are
very different for the two techniques. We will describe tmelarstanding reached in the process of
this study.

Both techniques are attempting to obtain sensitivity to CPatimn in the neutrino sector by
collecting sufficient numbers of, — ve appearance events. By obtaining appearance events at
difference oscillation phases and energy, matter efferd<CGP effects can be disentangled to mea-
sure oscillation parameters without correlations or amitigs. Regardless of the technique the
most important experimental parameters are the numbergafsat or near the oscillation peaks
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TABLE VII: Signal and background anti-neutrino interaction rates &0LBm (Fermilab-HOMESTAKE)
using different WBLE beam energies and off-axis angles. The rategrated over the neutrino energy
range of 0 - 20 GeV. Rates are given per MW4.QT. Forv, — Ve oscillations a value of sfr26;3 = 0.04

andAmg, = 2.5 x 103 eV? is used. No detector model is used.

Degrees off-axis/, CC|v, CC 0s¢ve CC beamve QE beamNC-1°|v,, — Ve CC|V, — Ve QE

WBLE 120 GeV at 1300 km with decay pipe 2m radius 380 m length

0°|75.0 |37.7 0.570 0.106 7.79 |0.669 0.160
0.5°|33.5 [13.0 0.356 0.077 490 ]0.332 0.103
1.0°/12.0 | 6.47 0.185 0.056 2.64 |0.122 0.056
25| 1.41| 0.694 |0.037 0.013 0.499 |0.033 0.022

WBLE 60 GeV at 1300 km with decay pipe 2m radius 380 m length

0°|50.5 |21.3 0.373 0.088 6.05 |0.507 0.137
0.5°|125.4 | 8.52 0.248 0.066 423 ]0.272 0.094
1.0°|10.3 | 5.38 0.144 0.045 252 |0.116 0.058
25| 1.36| 0.667 |0.031 0.013 0.518 |0.035 0.024

WBLE 40 GeV at 1300 km with decay pipe 2m radius 380 m length

0°133.8 |12.5 0.270 0.069 470 0.366 0.110
WBLE 28 GeV at 1300 km with decay pipe 2m radius 180 m length
0°|14.6 | 4.94 0.076 0.026 2.64 0.172 0.065

versus the numbers of irreducible and reducible backgreuidhe numbers of events in either
technique are roughly proportional to the exposure defirseth@ beam power in MW (at some
chosen proton energy) times the total detector efficientifadgize in kTon times the running time
in units of 10 sec. In the following, to set the rough scale for detectoesywifl assume that a few
hundredv, — ve events after accounting for detector efficiency are neetlsi26,3 = 0.1 per
year. As pointed out in Section 5, accelerator powerdf MW can be obtained and handled with
current technology; this sets the scale for the detectet sificiency, and running times.

9.1. Off-axis

In the off-axis technique, we have considered two largeatiets at two different locations. On
the NuMI beam-line, the places considered for the placemktitese detectors are: 1) baseline
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length of 810 km and off-axis distance of 12 km, 2) baselingile of 810 km and off-axis distance
of 40 km. At a length of 810 km (which is close to the maximumglble on the NuMI baseline),
the first and second oscillation maxima for the physics ucdesideration are at neutrino energy
of 1.64 GeV and 0.54 GeV, respectively, fdm2, = 0.002%\V2. The off-axis distances were
chosen to obtain a narrow band neutrino beam at or near tiseglation maxima. These spectra
and the event rates can be seenin [12].

Shorter baseline lengths for NuMI off-axis detectors haserbconsidered in the literature [34].
We have commented on this approach as part of the answergstians in Appendix A. We will
not consider this approach here because of the practi¢aiulties noted.

The main detector requirements for off-axis detectors are:

e Size: To approach the exposure criteria of few hundred eygertyear for sifi26;3 = 0.1 the
total efficient fiducial mass of the detectors at the first aaabad oscillation maxima needs
to be~ 100 KT. This could be deployed with 50 kT at the first locatid@ km off-axis) and
50KT at the second location (40km off-axis) or all of the miassne location.

e Cosmic ray rejection: NuMI based off-axis detectors wilkelk be on the surface or have
a small amount of overburden. Surface or near-surface dapabessential for the NuMI
based off-axis program because of the geographic natureecarea. As pointed out in
Section 12, a surface detector needs to a) have sufficiemadquisition bandwidth to collect
all events near the beam spill time, b) eliminate cosmicnagkis so that the beam events can
remain pure, c) tag events due to cosmic rays so that no coagniecduced events mimic an
in-time beam event. These requirements force the surfaeetdeto be a highly segmented
detector with active cosmic ray veto shielding.

e Background rejection: There are two contributions to thekgemund from the neutrino
beam: neutral current events and contamination of electeutrino events. The narrow
band nature of the neutrino beam is important for rejectibbath of these backgrounds.
The neutral current events which tend to have a falling gndisfribution can come from
both the main peak of the neutrino spectrum and the tailhdmrcase of the second location,
40 km off-axis, the large kaon peak will contribute backgrduTheve contamination has
a broad distribution for both off-axis locations [12]. Toeuthe narrow band nature of the
beam effectively to suppress backgrounds, the detector mawe the capability to measure
neutrino energy (total charged current event energy) wathdgesolution, which is approxi-
mately the same as the width of the narrow band beam. It skadsicbe able to rejeat® or
photon induced showers.
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9.2. Detectors at DUSEL

The two sites for DUSEL that made a presentation to this sardy1290 (Homestake) and
1495 (Henderson) km from FNAL. The study has considerecwcss as far as2500 km and
concluded that the physics capability, with some exceptigroughly the same for same sized
detector. The first and second oscillation maxima for 1290seat 2.6 GeV, and 0.87 GeV,
for 1495 km, they are at 3.0 GeV and 1.0 GeV, fon3, = 0.002%V2. A new neutrino beam
at (® or at small off-axis angles has been simulated [14] to shaw dhspectrum could be made
to cover these energies; the critical parameter in the fllavaenergies will be the decay tunnel
diameter which must be kept to be3 —4m, which is a factor of 1.5-2 larger than the NuMI decay
tunnel. The beam-line could be operated at any energy bat@@& 120 GeV proton energy. For
higher proton energies work is in progress to remove higihggneeutrinos & 4GeV) that produce
background. The beam-line could also be operated at a slifjhkis angle if the background can
be lowered by modest amount while operating at the highegéplevel possible at 120 GeV. For
the purposes of setting broad detector requirements wasgslime that the spectrum is similar to
Figures 3 or 6.

Detectors at DUSEL (at either Homestake or Henderson) dmeildaced either on the surface
or at a deep site. If placed on the surface the detector cenagidns would be approximately the
same as those for off-axis detectors because the primaigndesue would be rejection of cosmic
ray background. The availability of deep sites at the apjaitgbaseline distance for a very large
detector are the main reason for locating the detector atE2lUBoth Henderson and Homestake
are planning on large detector caverns at a deptk 6000 ft. We will enumerate the detector
requirements assuming this depth.

e Size: To approach the exposure criteria of a few hunadred- ve appearance events per
year at siR26;3 = 0.1, the efficient fiducial mass of the detector needs to-HOXT. In
the case of DUSEL all of this mass can be in the same place edpos beam that contains
both oscillation maxima.

e Cavern: Because of the size required for the detectors, aedtaigle cavity (or cavities)
that can house- 10KkT of efficient fiducial mass will be needed. For a water Cherenkov
detector, which is well suited for deep operation, the efficy is expected to be 20%
indicating a real detector size of several hundred kTonmFApeeliminary studies it appears
that both Henderson and Homestake satisfy this criteria.

e Cosmic ray rejection: Since the cosmic ray rate at the deep gibposed for DUSEL detec-
tors is very low, it will not be a major factor in detector dgisi A cosmic ray veto for such
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a detector might be needed for physics other than acceteratdrino physics; for example,
detection of solar neutrinos. But it is not required for thggbs discussed here.

Surface location for a detector: For a liquid argon TPC, tlieiehcy and background re-
jection could be high and therefore the detector could-bEOKT. However, for an un-
derground liquid argon TPC the requirements on the cavelinb@idominated by safety
concerns regarding storage of such a large amount of cryogieuid in a deep laboratory.
If the liquid argon detector is placed on the surface, theireqents are approximately the
same as for the NuMI based off-axis detectors. The domirentirement will be rejection
of cosmic ray background.

Background rejection: There are two main contributions ® itlttime background from
the beam: neutral current events, and electron neutrintagonation in the beam. It is
expected that the majority of the NC background at low ersrgiill be from singler®
events that will have to be rejected. In the case of using & wa&hd beam, there are two
tools for signal extraction. Pattern recognition with gaagbability will be needed to reduce
neutral currents, especially singi® events. The oscillation pattern in the energy spectrum
will also be used to extract the signal. The first oscillatre, in particular, will form a
peak above 2 GeV with a well known shape. To allow such a sigxtahction, the detector
must have good energy resolution for neutrino energy. Frawiork reported here 10%
energy resolution above 0.5 GeV including Fermi motiona#evill be needed. For a water
Cherenkov detector there is new work on pattern recognitaeduce the NC backgrounds
and obtain the needed energy resolution. For a liquid argtectbr, it has been shown that
the NC background can be suppressed to very low levels foraltiplicity events (such as
quasi-elastics) while maintaining good resolution.

10. STATUS OF DETECTOR SIMULATIONS

10.1. Water Cherenkov Detector

As part of this work, we have studied the background rejectiod neutrino energy resolution
(from charged current events) of a large water Cherenkoctetmstrumented in the same manner
as Super-Kamiokande. Although considerable further wereieded the capabilities appear to be
sufficient for the neutrino oscillation program under cdesation. The total mass and exposure
needed to achieve good sensitivity to CP violation in neatdscillations was also determined.

The technique of water Cherenkov detectors with non-fogueptics is well understood. In
particular, the light yield and the fraction of scattereghtican be modeled accurately. Software
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techniques exist that use the pattern of light and the timeesgce of photons to reconstruct vertices
and trajectories of charged particles. The vertex resmiudiepends on the timing accuracy of the
PMTs. The energy resolution and the energy threshold depemdhe total amount of detected

light. Both of these have been extensively discussed in teaharticles and Ph.D. theses [35, 36].

Considering the substantial existing knowledge and infeionabout this technology, we decided

to focus only on the additional new requirements imposedhgyaccelerator neutrino physics

under consideration.

For the program considered here an essential problem isprae electron shower events
from neutral current events, especially events contaiaismgler® in the final state. The goal is
to search fowe charged current induced showering events in the 0.5 to 4 @eY¥e. For example,
single r° particles with energies of 1, 2, 3, and 4 GeV decay to two pi®teith a minimum
(which is also the most probable) opening angle of 16, 8, 8, &wlegrees, respectively. The
probability of a decay with an opening angle of more thaf #0 1, 2, 3, and 4 GeV’s is
40%, 8.2%, 3.6%, and 2.0%, respectively. In a water Cheredkt®ctor the position where the
m° photons convert cannot be measured with sufficient precisamm the pattern of Cherenkov
light, which tends to be two overlapping showering ringslddt 7° energies the opening angle is
sufficiently large compared to the Cherenkov angletg°) that singleri®s can be separated quite
effectively. At energies greater than 2 GeV, however, thalsamgular separation between the two
photons makes such separation difficult. It is well knowrt tkaonant single pion production in
neutrino reactions has a rapidly falling cross section asatfon of momentum transfeg?, up
to the kinematically allowed value [37]. This charactecistione suppresses the background by
more than 2 orders of magnitude faf (or shower) energies above 2 GeV. Therefore a mouest
background suppression (by a factoroll5 below 2 GeV and- 2 above 2 GeV) should make the
m° background manageable over the entire spectrum.

As part of this study such background suppression has beeardgrated using complete simu-
lation and reconstruction using the Super-Kamiokandectietas the benchmark [38, 39]. Similar
suppression has also been obtained independently by argthe[40, 41]. In both studies the
rejection of backgrounds was enhanced beyond the curremellyknown capabilities of a Super-
Kamiokande like detector by using a combined likelihoodhodt In this method a number of
event observables (a complete list can be obtained fromatke in [38] and [40]) with low back-
ground discriminating power were combined in a single Iik@bd cut. The work in [38] chose to
cut on this likelihood as a function of reconstructed enexgyhat the efficiency of this additional
cut for charged current electron neutrino events wd9%. The additional rejection for neutral
current events ranges from a factor of 30 at 300 MeV to a fauftdrat 3 GeV (page 34 in [38]).
Table VIII shows the rejection power achieved by this methsa function of energy. The table is
divided in two parts: before the event energy can be recoctstd the rejection can only be given
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in terms of true quantities such as “true energy”. After thieng is reconstructed the rejection is
given in terms of “reconstructed energy”. It should be retadrthat the reconstructed energy for
an NC event is considerably lower than the true neutrinoggndihe total integrated efficiency for
signal in this calculation using the 28 GeV spectrum is 378mfthe traditional cuts multiplied by
40% efficiency of the likelihood cut. As explained in [38] tlieelihood cut could be adjusted to
have higher efficiency at a cost of higher background. Tted iotegrated rejection of neutral cur-
rent background is- 13 for the traditional cuts multiplied by 23 using the subsequent likelihood
cuts[42].

The work reported in [40] compares her results to [38] (palg@B[40]). In the work reported in
[40] it was chosen to retain high efficiency (above 70%) totete neutrino charged current events;
she obtained rejection factors of 10 at 300 MeV declining &a 2 GeV. The two calculations are
in good agreement if compared at the same efficiency comsgltvat the simulated event sample
and methods of discrimination were quite different.

The other important component of this study is the neutrimergy resolution for charged cur-
rent electron neutrino events. The selection procedureritbesl in the previous paragraphs at-
tempts to select clean events with a single lepton in the $itadé. To measure the neutrino energy
we assume that this selected event is a quasi-elasticrscgi®ent. We then calculate the neutrino
energy using the following formula:

2MpEjepton— rT.'lzepton
Z(Mp — Bieptont I:1eptoncoselepton)
to reconstruct the neutrino enerdsidc) from the measured electron enerdyetton) and electron
angle Gepton) With respect to the neutrino direction. The energy resmfutising this method has
four components. The energy resolution of the electron leas lnemonstrated to be 4% at 500
MeV improving to 2 % above 2 GeV (page 84 in [36]). The anglehs &lectron with respect
to the beam must be measured to calculate the energy of thening neutrino. The angular
resolution ranges from 3 deg at low energies to 1.5 deg at éngingies (page 81 in [36]). The
third component to the neutrino energy resolution is therfrerotion of the struck nucleon inside
the oxygen nucleus. This is often modeled using either data £lectron scattering or using a
simple Fermi gas model. It adds a contributionr~df00-200 MeV to the resolution. Finally, the
selected events have a contamination of non-quasielastitsin which the extra particles (such as
charged mesons or photons) in the final state are eitheibfe/isecause they are below Cherenkov
threshold or are missed because of poor reconstruction fifidleenergy resolution including all
these effects has been calculated (page 17 in [43]) to bet ab@0% at 1 GeV with significant
non-gaussian and asymmetric tails. These tails are due toutiear effects and non-quasielastic
contributions. The resolution improves at higher energidee effect of the resolution is that the
oscillation pattern remains visible although somewhataégs. The resolution will have to be

Erec -
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Cut Energy Bin (GeV)
0-0.5/0.5-1.01.0-1.51.5-2.02.0-3.0 >3
SK cutsErye
Ve Signal 74% | 74% | 62% | 44% | 36% | 27%
CCvy bkg. 0.17% 0.44%) 0.75%) 0.76%| 0.90%0.45%
NC bckg. 1.7%|4.43%| 5.3% | 7.0% | 7.7% | 8.6%
Beamv, bkg. 86% | 75% | 57% | 46% | 36% | 23%
Likelihood cutsEec
Ve signal 40% | 40% | 40% | 39% | 40% | 40%
CCvy, bkg. 6.8%|13.6%| 6.3% | 8.0% | 6.5% | 2.2%
NC bkg. 0.72% 4.5% | 6.3% | 3.9% | 8.3% | 7.0%
Beamv, bkg. 37% | 41% | 40% | 37% | 39% | 34%

TABLE VIII: Simulation and analysis results on the fraction of events kdfgrdhe traditional cuts (top
part of the table) and the additional efficiency after the newly developetiHdod cuts (bottom part of

the table). The events are divided in 4 parts: signal faentharged current events (of which a small
part are quasi-elastics), charged currepntevents, neutral current (NC) events, and background duwg to
contamination in the beam. There is no entry for background from changreentv; because the beam
spectrum is dominantly below production threshold~ 3.5GeV) and this background is estimated to be
low. The efficiency for the signal ang background should be the same except for the statistical fluctuations
in the Monte Carlo due to small statistics of thebackground. We have retained the numbers in the table

to demonstrate consistency.

modeled well to extract the oscillation signal and the dsidn parameters from the far detector
data; this is true regardless of the detector type.

The sensitivity calculations described later in this répegre performed using the GLOBES
framework [44]. For this calculation the detector responas parameterized and adjusted to cor-
respond to the full simulation described above. There ameesdifferences that should be kept
in mind to allow comparison between calculations. The fiffedence is that in the sensitivity
calculation no events below 0.5 GeV are used. The work in§88l][40] includes events to lower
energies. The second difference is in the energy resolufibe energy resolution obtained after
complete simulation and reconstruction is shown in Figub®tom plot. The sensitivity calcula-
tion has a parameterized resolution function that incliefeescts of Fermi motion, resolution on
the lepton energy and angle, and non-quasielastic consimm The two resolution functions
are shown in Figure 8. The parameterization has somewhagewesolution in the core than the
full simulation, but less tail than the full simulation. Thmput to the calculation is firmly based
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on full simulation. But the parameterized background andlugi®n allows for fast calculation of
signal and background rates for different oscillation sc&rs; we are also able to change the beam
spectrum while keeping the detector performance fixed usiisgool.

We note that comparison of signal rates between variouesitieeds to be done with some
care because they may have used different conventions dosigim of the CP violating phase
&p. The calculation here uses the standard convention from RIDIB e '9 in the Ugz matrix
element), but some of the simulations reported in the caefrd@s work have the convention with
the opposite sign od.

We have explored the feasibility of using a water Cherenkaeder for this science with
promising results, but considerable further work is negdeaptimize the detector and gain com-
plete understanding of its limitations. One question tleds exploration is what are the intrinsic
limitations of the water Cherenkov technique in terms ofgrattecognition. The literature on the
subject is broad and general conclusions can be drawn [45F48 question can be quantified in
terms of the vertex and angular resolution for single tracidthe ability to separate two tracks that
are close in angle and have a common vertex. In the refereiteesabove it has been shown that
the photon detection resolution (time and position) in aggtfamikande style water Cherenkov
detector (proximity focused) does not approach the meltgaattering contribution to that reso-
lution. Therefore, the capabilities of the detector couddraproved by modest improvements to
the timing and granularity of the PMTs or by addition of rimgaging techniques. In other words,
the current capabilities are dominated by the charadtesiand geometry of the photo-multiplier
array, and there is room for improvement.

Photomultiplier coverage and optimization The optimization of PMT coverage and granu-
larity has not been addressed in our study. This is an apptepgoal for the proponents of the
water Cherenkov technique when they write the full propoSaime hints of the effects of high
granularity can, however, be found in the work of Yanagisawa Dufour. For example, in [38] it
is shown that the efficiency for detectingi particle increases by 20% as the event moves away
from the wall of the detector; this indicates that a largeed®r or a detector with more granular-
ity with the same PMT coverage will have better backgrourgpsession. In [50], the likelihood
based background suppression is shown to have weak demenderhe PMT coverage (either
20% or 40%). These preliminary results indicate that as Emthe collected numbers of photo-
electrons is reasonably large, the granularity of the PMilogit will have more impact on pattern
recognition.

Optimizing beam spectra In this study we have not made extensive attempts at optigniz
the beam spectra versus the detector performance for aokdg. In [14], a cross section model
was used to calculate signal and background shapes forimespectra produced with different
energy proton beams. It is clear that the background willdase for proton energies above 60
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FIG. 8: Top is the parameterized resolution function used in the calculatisaritivity. Bottom is the
energy resolution on selected electron neutrino events after all cutsesbeel in [39, 43]. The tail where
reconstructed energy is lower than true energy is due to non-quasieastits that are selected. These
events have missing particles and therefore have missing energy. The Iptdtovas made from simulated
events including the effects of oscillations over 1480 km, and therefore iha depletion of events in the

plot around the oscillation minimum.
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GeV because of the high energy tails. However, for protonges below 60 GeV, the signal
versus background performance is approximately consthate is reduction of background for
lower energies, but there is significant statistical gaim ¢onstant power) at higher energies. The
intensity at low neutrino energies as well as the elimimabd high energy tails will continue to
need examination.

There are three ways to optimize the beam spectrum to recagdegtounds from high energy
neutrinos: 1) The optics of the target horn assembly neectodiimized to increase the flux
below 3 GeV and reduce it at higher energy, 2) The beam tovltBEL could certainly be made
slightly off-axis. Reference [14] shows that &9off-axis angle lowers the event rate5 GeV by
about a factor of 3. The.B? off-axis beam angle can be accommodated in a large 4 meteetia
tunnel, but the implications for shielding, beam dump, al asefuture flexibility of the program
must be carefully considered. 3) The third option for redganeutrino flux at higher energies is
to introduce a second target (or beam plug) between the teusiiog horns. This has been studied
for NuMI and found to be effective at reducing tail events bynauch as 70% [51]. Such an option
needs careful engineering design because it will affectatimtion environment in the target area.

Near Detector. Lastly, there has been very little study of near detectsues for a beam to-
wards DUSEL. There are 3 issues that need to be discussedhelavailability of spacethe
beam design discussed in Section 7.2 leaves 300 m of eadldisigi from the end of the decay
tunnel to a potential near detector site located within FN#dundaries. The depth at this site
would be 192 m for a beam to Henderson and 176 m for Homestake.NUMI near detector
is at a depth of 105 meters. The feasibility and cost of a neteatior cavern of about 30 meter
width/length will need to be examined. 2) The main requiretfer the near detectoiThe most
important function of the near detector is the measuremetiteoneutrino spectrum and back-
grounds before oscillations. As explained later for thesgeity calculation we have assumed
that the background will be known to about 10%. This inclutheseffects of beam and detec-
tor modeling as well as nuclear effects which might be ddf¢rbetween the near and the far
detectors if they are composed of different materials. Ashar requirement on the near versus
far energy scale ok 1% might come from the need to measm?, with high precision. 3)
The detector granularity, mass, and data acquisitioa event rate at the near site (few events per
beam pulse for a-100 ton detector) will be much higher compared to the farateteReconstruc-
tion of these events will likely require a fine grain detedfeerhaps a modest sized liquid argon
TPC) with electronics that can separate events within theslifulse. How the design impacts the
requirements outlined above will need to be examined. Tisarew considerable experience from
the NuMI-MINOS on how to use the near detector to perform th@apriate extrapolations from
near to far site. From that experience [7] the above requrésndo not appear to be particularly
difficult, but the issue should not be treated cavalierly.
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10.2. Liquid Argon Time Projection Chamber

Liquid Argon TPC detectors, with fine grained tracking an@ltabsorption calorimetry capa-
bility, suggest great promise for sensitivity to long baseloscillation physics. Hand scanning
studies indicate efficiency for charged current quasitiel@ectron neutrino interactionsd QE)
greater than 80% and background rejection of neutral cum@revents by a factor of 70 [52].
Studies from European groups are consistent with thesés¢sa].

As part of this study, tools have been developed to simuladereconstruct events in thg E
0.5-5 GeV energy region. Studies using these new tools corlie efficiencies and background
rejection from the hand scanning work. Sensitivity caltalss folding in these efficiencies, back-
ground rejection factors, and resolutions indicate LArTR@s~3 times more sensitive than an
equal mass of Water Cherenkov detector (See Section 13).

Itis primarily the imaging capability that enables LArTP@glistinguish different event classes
from each other. Specifically, while conventional detesiman typically identify only the outgo-
ing lepton in QE interactions, LArTPCs can tag both the outgdepton and the recoil proton.
Furthermore, a LArTPC can easily and unambiguously idgmitié interaction point of energetic
gamma-rays, for example fromf decay, if the separation from the primary vertex is largantB
cm [54].

As part of this study, a GEANT3 simulation of a Liquid ArgonTRvas studied and developed
to best quantify the detector performance [55]. The Montéddaed the NUANCE event genera-
tor as input and simulated events in & Z0 x 10m? box, roughly equivalent to 1 kTon. Events are
digitized using standard GEANT libraries, and Monte Carldghrstudies performed on this out-
put. Given the imaging capability of a LArTPC, this is an adedfe approximation of an actual
event. The criteria to tag & QE interaction are first to see an electron shower as didtioct
a muon track. This is assumed to be 100% efficient. The seattedia is to see a recoil proton
coming from the same vertex as the electron. The well estadydi low energy threshold for this is
a proton with kinetic energy 40 MeV [56]. Imposing this requirement, the efficiency {QrQE
events is>90%. As these are first pass studies, we default to the mosepative 80% efficiency
determination from the hand scanning. Neutral currértackgrounds, with subsequerit — yy,
arise from both/,n — v,nm® andv, p — v, pr® interactions. The first,n — v,nm°, is rejected
because of the lack of any recoil proton. The secepd— v, pr°, is tagged by observation of a
2cm or larger gap between the vertex of the recoil proton atebat one of the gammas from the
decayingr® which converts into aete~ shower. Combining these requirements, only 0.5% of
the NC r° backgrounds are not rejected. Further rejection fact@apected by looking at the
energy deposited in the first few cm of tracks initiating &le@e showers versus gamma showers.
The overlappinge™e~ from the gamma shower deposits twice the energy at the hiegimf the
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track as the single electron.

These studies have been performed using the WBLE flux genexdtted0 GeV protons used
in this study. Further study is needed to understand rexaariin for the other beam options and
the NuMI option. Nevertheless, these results are releventtsa a broad range of energies. In
particular, for NCT® rejection, the separation between the primary vertex aadltsest gamma
conversion point is roughly independent of the incomingtnea energy [54]. High multiplicity
events in the deep inelastic scattering (DIS) region maydrg ghallenging to reconstruct. Effi-
ciency and background rejection for DIS events for the diffie flux configurations is also needed.

Advances in automated reconstruction were also pursue@raopthis study. The Hough
transform based fit algorithm was designed to reconstraetli tracks from a quasi-elastic event
through a parameterization by angle. It efficiently ideasifboth primary and secondary vertices
and reconstructs tracks with resolution ©f2° (RMS) [54, 57]. This fitter suffices for events
with linear tracks and low multiplicity such as quasi-elesand resonance events. A study of the
capability to automatically identify and reconstruct élemagnetic showers is in the early stages.

In the future, this simulation and reconstruction packagelme used to study energy resolution
for different classes of events.

For the results in this report, we use the energy resolutimm fprevious work. For QE events,
a 5% energy resolution was assumed. This is valid dowr1dGeV, below which few events
contribute to the oscillation signals. For non-QE event20% neutrino energy resolution was
assumed. This is likely too conservative in the resonargiemevhere low multiplicity events can
still be well measured by LArTPCs, but likely too optimistmr fDIS events above 2-3 GeV. Un-
derstanding these resolutions as a function of energy topére ongoing program of simulation
and reconstruction studies.

11. STATUS OF DETECTOR DESIGN AND TECHNOLOGY
11.1. Water Cherenkov conceptual Design

The water Cherenkov detectors discussed in this study wegelyaconventional based on the
well known technology developed and perfected over thetthaise decades. The main difference
is the factor of~ 10 increase in fiducial mass compared to the largest existgtector (Super-
Kamiokande). This large increase can be accomplished diyheacreasing the size of the detector
or by building several detectors (or both). The second itgmbparameter for this detector is the
number and size of the photo-multiplier tubes (PMTSs).

Two conceptual designs were reported for this study. Theg weecifically for the two possible
DUSEL locations of Homestake or Henderson, but the authers hcknowledged that their ideas
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could be adapted to either site with appropriate consiaerafor site dependent cost factors.

The design reported for the Henderson site (UNO [58]) hasglesicavity of dimension 60 m
wide, 60 m high, and 180 m long. The 180 meter length is divide®isections. Each section is
a separate optical volume with photo-cathode coverage %f fod the end sections and 40% for
the central section using the 20 inch diameter PMT develdgyelamamatsu. Each section has
fiducial volume (depending on specific physics cuts) of al&@tkTon. The depth of the detector
in Henderson will be approximately 5000 ft.

The design reported for Homestake houses the detector &t @& pth in 3 separate large
caverns or modules [59]. The size of the caverns will be dyloal with diameter/height ot
53 meters. The location is at the 4850 ft level of Homestakechvis proposed as the Early
Implementation Plan for the Homestake lab. The collabongtroposes that the same level be used
to accommodate several more cavities to take the totalet@ass to megaton over a long period,
but the baseline detector is 3 modules. The exact dimensithg cavities will be determined by
the need to maintain fiducial mass of 100 kTon for acceleraatrino events. Each detector will
be instrumented by 10 to 13 inch diameter PMTs with photbadé coverage of 25%. At this
stage of simulation and understanding of PMT performariee Homestake proponents consider
the choice of smaller but larger numbers of tubes for graityladequate for reconstructing the
accelerator neutrino events. The concept for the Homestatextor including the physics and
a rough estimate for the cost was presented to a program dteenor the Homestake interim
laboratory. The review can be obtained at [60].

The main concerns for both designs is the cost and time mdjuo build stable and safe
cavern(s)[61] and the manufacturing of the necessary nuoflhoto-multiplier tubes.

For the single cavity (UNO) concept an estimate based ondbkeaf Super-Kamiokande has
been made for the cavity excavation of $168M; the engingeaimd stability of the cavity needs
detailed examination. The total cost including 56000 l&28anch PMTs and 15000 smaller 8
inch tubes for outer veto volume was estimated to be $437M.tdtal construction time will be
approximately 10 yrs dominated by the PMT manufacturing{s8].

For the multi-cavity Homestake design, the proponents Ipaveormed an initial engineering
design for the cavity construction and a stability study[6zhe cost for constructing 3 cavities is
estimated to be approximately $70M which includes contiogdactors. The time scale for con-
structing the first cavern is 4 yrs and each additional cagaeadied 6 months after the completion
of the previous one. The total cost including approximaf900 PMTs for each detector module
is $309M. The impact on this cost if the size of the module xéased for additional fiducial
volume is explained in Appendix A. Based on the Super-Kanmdkaexperience, the installation
time for the PMTs will be about 1 yr for each module.

The largest unknown at present for both designs is the stdhdéolumanufacturing the large
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numbers of PMTs. For the 20 inch PMT option, there appear®tory one vendor at present
with a labor intensive manual process. For the smaller PMé&retcould be multiple vendors with
more automated manufacturing processes. We will commetttisiissue again at the end of the
report.

There are other technical concerns for such a large watere@kev detector: the handling,
temperature and purification of such a large amount of wéterengineering for mounting the
PMTs and the cabling of the large number of channels, maantea of the PMTs and associated
electronics, and the radiation environment in the deepwdiieh can affect the data rate and the
energy threshold of the detector. There is no detailed eeging design for these items, however
these issues have been examined by previous generatidreseftypes of detectors. Based on that
previous experience both detector designs have includedxaipate costs in their estimates.

11.2. Liquid Argon TPC Conceptual Design

While LArTPCs show great promise with excellent efficiencied background rejection for a
variety of physics goals, they have not yet been demonstiaiescales larger than few hundred
tons in size. An active R&D program culminating in the T600graom [63] has illustrated the
capabilities of the detector, however, further R&D is neaegso consider massive detectors, on
the scale of tens of ktons.

There are several different design ideas for massive aegericluding a modularized detec-
tor [64], a single detector but with modularized drift reggd52], and a single open volume, very
long drift detector combining charge and light collecti®3]. The technical issues described here
are relevant primarily for single massive detectors wittdolarized drift regions, the design stud-
ied by the contributors to this study. For these, there anmajor obstacles to scaling to detectors
on the scale of 50-100 kTon, however, there is an R&D path thet tme realized in order to con-
sider massive detector construction, operation, and detlysis. Details of this path and major
R&D goals can be found in [65]. The major challenges for scalna large detector include:

e Argon purity
e Signal to noise in a massive TPC
¢ Understanding Cost and Schedule

Progress and path for each of these is described below.

For ionization electrons to drift 3 m in a LArTPC, 10ms eleathifetime must be achieved and
maintained. Studies from the T600 run suggest this is plesdit, for a massive detector, mod-
ifications must be made to the purification system, and théyata reach purity levels necessary
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in an industrial environment must be demonstrated. Ovep#st year, Fermilab has embarked
on purity testing towards this goal. They have developedwamen-proprietary Trigon filter (un-
like those used in the T600) that can be regenerated inWith this filter system, Fermilab has
achieved 12 ms lifetimes in a small test vessel. Over theyead purity studies will continue with
a materials test stand [66] at Fermilab where argon will bpugfied after being exposed to con-
taminants expected in a massive LArTPC. An additional chghleto purity is a consequence of
the inability to achieve vacuum before the initial argonifile massive detector. An idea to purge
the vessel with clean argon gas prior to liquid fill is beingtéel at Fermilab now with studies
continuing in the upcoming year [67].

A very massive detector will have signal wires as long as tdmeeters. Long wires present
challenges related to wire breakage, wire assembly amystg, and electronics noise. Existing
R&D work at Fermilab focuses on assembly techniques and micgeip using a long wire test
stand [68]. Work on electronics design to maximize signaldise specifically by employing cold
electronics, is underway at Fermilab and Michigan Stateséhsity. A new idea for internal wire
configuration, a cellular design, avoids many of the stniggind assembly problems of long wires
by stringing wires onto pre-assembled ladders beforellagtan[69].

There are two cost drivers for a liquid argon TPC which haveesgertainty at this point. The
first of these was given by the LArTPC group in its Septemb@&52@port to NuSAG[52]. There,
the cost of liquid argon alone (without a purification sysyésreported as about $1 M per kton.
Subsequent to that report, a simple scaling relationshsblean developed based on information
from two vendors for tanks appropriate for containing ldj@rgon (but without modifications
required to put a TPC inside it). This relationship, whickexpected to be valid between 5 kTon
and 50 kTon, is $2.72M + 0.306 $M/kTon. Thus taking a 50 kTaecker as an example, these two
cost drivers (the liquid argon plus a containment tank) Waast about $5d + $18V1 = $68M.

There are many other costs, both technically driven aneptdyiven, but the design of the TPC
itself needs to be specified in more detail before such a cetepbsting exercise can converge. For
example, the recently developed cellular design for the $igaificantly changes the requirements
on the containment tank compared to the design in the Septe20B5 LArTPC report to NuSAG.
Since this design allows for fabrication of the TPC wire glaat the same time as the containment
tank is being constructed, the schedule for constructidghetietector is shorter. If electronics are
used in the liquid argon, the cellular design will change x@dequirements on pattern recognition
will become easier. Finally, the idea of using several senalinks to achieve a large mass will
impact the cost of the purification system as well as the dasteocontainment tank(s). These are
some of the design choices for the TPC that need to be madeslzefost estimate of the technical
components, other than the liquid argon and the cost forglesgontainment tank, can be made.

In addition to the major challenges for scaling to large cetes as described above, issues
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relating to detector siting have been studied. Water Cheredktectors must be located deep
underground due to cosmic ray backgrounds. By contrasidliangon detectors could be located
on or near the surface. As part of this study, cosmic ratesnmassive LArTPC detector were

calculated and their impact on the physics program was derel [70] and is discussed in more
detail in Section 12. If massive LArTPCs are sited with somerburden, such as at the 300 ft
drive-in site at Homestake, cavern construction for theseaors must still be understood. As
part of this study, cavern designs modeled after liquefigdrahgas vessels built within ships

hulls were considered [71]. This design is promising andistion this are ongoing.

The R&D path towards a massive detector includes small seate &nd studies as described
above. Construction of a significantly larger prototypdkTon, is necessary before embarking on
the massive detector project. The details of this R&D patheaitriiab will be addressed within
the next year.

12. OVERBURDEN AND SHIELDING

In this section we briefly discuss the overburden issue irctirgext of accelerator neutrinos.
For non-accelerator physics the issue is discussed indBebA.

In summary, the background rates in a large detector duestaicaays have been calculated for
both surface and underground locations. A preliminarywat#dn of the consequences for both
data acquisition and background to accelerator neutrientsvsuggests: 1) It is not possible to
operate a water Cherenkov detector of siz&0kT on the surface. 2) A fine grained tracking
detector such as a liquid argon TPC could be operated on tifi@ceuto take data within the
short ¢~ 10uS at FNAL Main Injector,~ 2.5uS for BNL AGS) accelerator spill[70], however
background rejection of 10° (~ 10° — 10%) will be needed against cosmic muons (photons) by
either active veto or pattern recognition to reduce the gemknd rate to acceptable levels; this
rejection is in addition to the rejection obtained by theitigrequirement. We provide a few more
details of the calculations below.

A cylindrical tank of size 50 m height/diameter (approxielgtl00KT of water) will have a
rate of cosmic muons (with momentum 0.5GeV/c) 250 kHz from the top and 250 kHz from
the sides. For a 1fis beam spill this corresponds to 5 muon tracks in the dete€tr.a single
volume water Cherenkov detector in which the photo-mutigliare mounted on the walls looking
inwards, each muon on the average will produce a hit in mae 89% of the PMTs. Therefore,
each cosmic ray should be assumed to deaden the entirealdtaca period of time which is
dependent on the dwell time of the muon track and the lightlenthe detector, the pulse shapes
from PMTs, and the data acquisition electronics. All thesetff are of order [1s and therefore
make the detector unworkable at the surface. For example, detector similar in technology to
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Intime cosmics/yr Depth (mwe)

5x 10’ 0
4230 1050
462 2000
77 3000
15 4400

TABLE IX: Number of cosmic ray muons in a 50 m height/diameter detector ir.es pOlse for 13 pulses,

corresponding to approximately 1 year of running, versus depth in meédes equivalent.

Super-Kamiokande, the dead-time from the above eventwallesxceed 50% [35]. To reduce this
dead-time using fast pulse digitizers is costly, and regpsignificant software and hardware R&D
to resolve overlapping pulses to reconstruct events withiasoed vertices. The consequences on
background rejection and resolution are at present unknoiWre depth required to reduce the
number of in-time cosmics to various levels is given in TdlleA depth of at least- 1000 meters
water equivalent is needed to reduce the muon rate to a lengbarable to the rate of events from
the neutrino beam so that minimal dependence on patterigmémn (and a modest active veto
capability) is needed to separate beam related events.

A 50 KT liquid argon TPC can be contained in a cylindrical tafkize 35.5 m height/diameter;
such a detector will have a cosmic ray muon rate of 125 kHz fiteertop and 125 kHz from the
sides. An examination of cosmic rays [70] in a liquid argorCTiRas considered their effects on
data acquisition and event reconstruction, and as a sotiti@ckground. The rate of cosmic rays
was shown to be tolerable with the proposed drift-time artd daquisition system for cycles up
to 5 Hz. In this scheme the detector takes data in a short tieeval (currently proposed to be
3 drift times) near the beam time. This is sufficient to covesstrpossible accelerator cycle times
discussed above. The high granularity of the detector shalldw removal of cosmic muons from
the data introducing a smak(0.1%) inefficiency to the active detector volume, so that mést o
the accelerator induced events are unobscured. If a cosmpimuon (photon) event mimics a
contained in-time neutrino event it must be rejected basedattern recognition. The rejection
required is~ 108 for muon cosmics ane- 10° — 10* for photon cosmics; given the fine grained
nature of the detector this rejection is considered achieyaut still needs to be demonstrated by
detailed simulations.
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13. ANALYSIS OF SENSITIVITY TO OSCILLATION PARAMETERS

In this section we will combine the information from the pimys sections on the intensity of
the accelerator beam and detector performance to cal¢h&asensitivity to oscillation parameters.
The main features of the accelerator and detector perfarenean be summarized as follows:

For the sensitivity calculations we will assume that we chtaim a total of 60< 10?° protons
at 120 GeV. This total is to be divided between neutrino andrautrino running. To convert
this luminosity to running time we will assume that the aecalor can produce proton intensity
according to Figure 7 in the accumulator upgrade scenamnithd accumulator upgrade scenario
a power level of 1.2 MW is expected at 120 GeV. This runninghade will be used for both
the off-axis and the DUSEL based options for the Phase lInarag We will make comments on
running at lower proton energies as well as more exposure.impact on the running time will
be according to the power curve in Figure 7. The raw evensede be obtained from Tables IV
to VII.

For the first DUSEL based calculation we have assumed a watemre@kov detector with a
total fiducial mass of 300 kTon with the performance descriimeSection 10.1. The calculation
was performed with the GLOBES package[44] with the beam spextd detector performance
specified according to the work in this report. For the DUSEkdine we have performed cal-
culations ranging from 500 km to 2500 km with various beamfigomations. We cannot display
all calculations in this report due to length consideratjdout they can be obtained from the study
website[15]. Differences in parameter sensitivity due asddine will be discussed. Most of the
calculations shown here will be for the 1300 km distance.

For the second DUSEL based calculation we have assumed alb@diguid argon time pro-
jection chamber with the performance indicated in secti@2 1Briefly, we assume 80% efficiency
for electron neutrino events with very little backgrounanfr other sources.

For the off-axis calculations several different combioas were calculated. First, for com-
parison purposes the calculation is performed fordQvith the detector performance obtained
from the NOVA collaboration. Second, a 100 kTon total mass for a liqugbardetector TPC was
assumed for phase Il. The performance was evaluated fangétie entire detector mass at the
same location as N@A and also for setting 50 kT at the N@ site (12 km off-axis) and 50 kT at
the site (40 km off-axis) where the second oscillation maximtan be observed. Doubling of the
total mass at the two sites was also examined.

Lastly, we note that unless otherwise noted the oscillgtemameters used for the calculations
are as follows:

Amb, = 8.6 x 10 %eV?

sint26;,, = 0.86
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AMg, = 2.7 x 10 3eV?
Siﬂ2 2923 =1

The parameterd);3, &cp and the mass hierarchy (normal or reversed) are left fregeicalcu-
lation.

Before describing the sensitivity ta, appearance, we first make a few comments onvihe
disappearance measurement. Either of the two experimemnakpts (a new beam to a DUSEL
location or new off axis detectors on the surface in the NubHr-line) have sufficient statistical
reach to make a very precise measurement of the atmosplseilaton parametersﬂ(‘r‘%2 and
sinf26,3. For a 100 kTon detector, 10000v, CC events per year are expected in either sce-
nario with approximately 1/2 disappearing due to oscilasi (see Section 8 for exact numbers for
specific beam configurations). The statistical precisidarafeveral years of running, therefore,
will be < 1% for bothAmg, and sirf 26,3. A discussion of this measurement for a DUSEL based
detector can be seen in [20]. A similar discussion for theaafs scenario is in [72]. To obtain the
best measurement, both the neutrino event energy resoliinicluding nuclear target effects due
to Fermi motion and re-scattering) and the absolute enargle :ieed to be well modeled. With
current knowledge of these limitations the measurememiwakt likely be systematically limited
to about 1% for botAms, and sirf 26,3.

There is an important difference between the off-axis mesmsant and the broad band mea-
surement. The oscillation shape including a nodal pattetime baseline distance is sufficient, can
be measured with a DUSEL based detector. Such a measureifienthibit less correlation be-
tween the two paramete&mgz, which determines the position of the node in energy, arfd?s,
which determines the depth (or amplitude) of the node. Aipeameasurement of the shape could
also limit non-standard physics models of decay, decolecetextra-dimensions, etc.

13.1. Sensitivity of a FNAL to DUSEL based program

For the calculations reported here we have used the 120 GaY tvith 380 meter decay tunnel
with a 0.5 deg off-axis angle. As explained above, the spatfrom such a configuration is well
matched to the physics at this current time. The energy optbton beam and the horn optics
need to be optimized further.
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13.1.1. Water Cherenkov Detector

The reconstructed electron neutrino spectrum with 300 Kidatial mass and a total exposure
of 60 x 1079 protons (divided equally between neutrinos and antineaitrunning) is shown in
Figure 9. This spectrum includes effects of nuclear motaetector resolution, detector signal
efficiency, and background rejection using the performascgescribed in Section 10.1. The plot
is made for siR26;3 = 0.04 and a baseline of 1300 km. The plots for 1480 km can be datain
from [15]. The left plots are for the normal mass hieraramy € nmp < mg). The right hand plots
are for the reversed hierarchyd < my < m2). The top plots are for neutrino running and bottom
plots are for anti-neutrino running.

By fitting the spectra in Figure 9 we can extract the paramér®cp, and the mass hierarchy.
We calculate g? function and extract the confidence levels for a simultasdiiuo these three
parameters. For the input values of the other oscillaticarpaters we assume 1 sigma errors as
follows:

612 = 0.59-+ 10% A, = (0.86+10%) x 10>
Bo3 = TT/4+ 5%, Am3; = (2.745%) x 103

We also include 5% error on the matter density. The calanaticludes correlations between
all parameters and accounts for possible degeneraciesspButra were fit with statistical errors
and with 10% systematic error on the background and 1% sysgtemrror on the normalization
with no correlations between neutrino and anti-neutrinanctels. Details of the analysis method
are in [73] where the same analysis was performed with ardiitespectrum and detector perfor-
mance.

In Figure 10 we show the confidence level contours for meagutie pair of parameteréy
anddcp). This calculation was performed for normal mass hieraraiyaseline of 1300 km, and
a total exposure of 68 10°° protons equally divided between neutrino and anti-neatrimning.
The result for 1480 km is approximately the same. In the cas®wnal hierarchy, the neutrino
data alone can be used to measure the parameters over adaggeaf parameter space. But if
the mass hierarchy is reversed, anti-neutrino data has tsé&@ The resolution obtained after
combining both neutrino and anti-neutrino data is appratety independent of mass hierarchy.
It is clear that the parameter measurement will suffer framkiground below sfi26;3 = 0.01,
but above this value the resolution on the CP phase of ah@(0® (1 sigma) is approximately
independent 06, 3.

If there is no excess of electron events observed then westarlisit on the value of si26;3
as a function oBcp. Such sensitivity limits are shown in Figure 11. The rangpareimeters over

48



which the mass hierarchy can be resolved is shown in Figura\&have chosen to display the
limits separately for the two mass hierarchies. Some of thetsire in the 3 sigma lines is due
to the limited number of bins used in the calculation. Thaaedo the right hand side of each
curve excludes the opposite mass hierarchy at the respactifidence level. Similarly the range
of parameters over which CP violation can be establisheddetermine thadcp is not O orm) is
displayed in Figure 13.
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FIG. 9: Simulation of detected electron neutrino (top plots) and anti-neutrino (bottots)spectrum (left
for normal hierarchy, right for reversed hierarchy) for 3 values of 6P parametedcp, —45°, 0°, and

—45°, including background contamination. This simulation is for 300 kT of wakerénkov detector with
the performance described in Section 10.1. This is for an expos@@>010°° POT for each neutrino and
anti-neutrino running. The hatched histogram shows the total backgrolimeve beam background is also

shown. The other parameters and running conditions are shown in tlme fig
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FIG. 10:90% and 95% confidence level error contoursir? 26,3 versusdp for statistical and systematic
errors (left hand plot) for 15 test points. This is for a 300 kT water Chevemletector with a total exposure
of 60x 10?° POT. The right hand side is for statistical errors alone. This plot was niadaormal mass

hierarchy. We assume 10% systematic errors on the background fqditis
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FIG. 11: 3 sigma and 5 sigma confidence level exclusion limits for determining aearonvalue for6;3

in sin? 2613 versusdep for statistical and systematic errors (left hand plot). This is for a 300 kT water
Cherenkov detector with a total exposure@fx 10°° POT. The right hand side is for statistical errors
alone. The solid (dashed) lines are for normal (reversed) massiagiéNe assume 10% systematic errors

on the background for this plot.
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FIG. 12: 3 sigma and 5 sigma confidence level exclusion limits for determining the mersschy in

sir? 20,3 versusdep for statistical and systematic errors (left hand plot). This is for a 300 kT water
Cherenkov detector with a total exposure@ffx 10?° POT. The right hand side is for statistical errors
alone. The solid (dashed) lines are for normal (reversed) massiogié/Ne assume 10% systematic errors

on the background for this plot.
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FIG. 13: 3 sigma and 5 sigma confidence level exclusion limits for determining CP violatisin® 26,3
versusicp for statistical and systematic errors (left hand plot). This is for a 300 kT w@kerenkov detector
with a total exposure di0x 10?° POT. The right hand side is for statistical errors alone. The solid (dashed
lines are for normal (reversed) mass ordering. We assume 10%sytiteerrors on the background for this

plot.
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Sensitivity variation with exposure: The exposure assumed in the above plots was BO?°
protons on target for each neutrino and antineutrino rupniiis corresponds to 3 years of running
for each polarity for 1.2 MW of beam power and7k 10’ sec per year of running at 120 GeV.
If we were to run the antineutrino beam for twice the exposireeutrino, then the the number
of events is approximately balanced betwaeandv. Such unequal running is advantageous in
the case of the reversed hierarchy. An analysis of the tgpadsire was performed in [73]. It was
found that longer exposures will have relatively modesteifbn the sensitivity to sfi26;3 and the
mass hierarchy resolution, but could be important for inaprg the precision on the CP violation
measurement. Exclusion contours for twice the exposutal @xposure of 126 1070 protons)
are shown in Figures 14 (for determining non-zéxg), 15 (for determining mass hierarchy), and
16 (for determining CP violation).
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FIG. 14: 3 sigma and 5 sigma confidence level exclusion limits for determining aeronvalue forf;3

in sin? 2613 versusdep for statistical and systematic errors (left hand plot). This is for a 300 kT water
Cherenkov detector with a total exposurel@0x 10°° POT. The right hand side is for statistical errors
alone. The solid (dashed) lines are for normal (reversed) massioglé/Ne assume 10% systematic errors

on the background for this plot.

Sensitivity variation with distance: Analysis in [73] showed that there is significant variation
in sensitivity up to 1500 km for determination of the masgdniehy. This is reproduced in Figure
17. The variation in sensitivity t6,3 was found to be mild partly because of the larger matter
enhancements (in neutrino (antineutrino) mode for normelefsed) mass hierarchy) at longer
distances. There is a slow decrease in the sensitivity to QIRt\an at longer distances, but this is
attributed to the shape of the spectrum used for this cdlonlaAt distances below 1000 km, there
is a degradation in the CP sensitivity because of the needtdveethe ambiguity due to the mass
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FIG. 15: 3 sigma and 5 sigma confidence level exclusion limits for determining the mersschy in

sir? 20,3 versusdep for statistical and systematic errors (left hand plot). This is for a 300 kT water
Cherenkov detector with a total exposurel@0x 10°° POT. The right hand side is for statistical errors
alone. The solid (dashed) lines are for normal (reversed) massiogié/Ne assume 10% systematic errors

on the background for this plot.

hierarchy with the same data. Complete calculations withesassumptions for detector size and
performance and spectra can be obtained from the [15] fearties up to 2600 km; this covers
the various options for the DUSEL locations.

Sensitivity variation due to systematics and parameter vaation:

The sensitivity calculation reported in this section felfthe prescription from [44, 73]. They
include the parameter variation as described above ($et8d.1). In addition, we assume a 10%
systematic error on the total background. Considering tearghpast experience with background
determination in long baseline experiments, the 10% syadierarror is very likely a pessimistic
assumption [74, 75], especially with a planned near dete&ensitivity estimates with other as-
sumptions for the systematic error can be obtained from thleste [15]. The conclusion from
these studies is that the background systematic error wiititikely dominate over the parameter
variation. Therefore, in Figures 10 to 16, we have chosehawghe sensitivity with and without
systematic errors. Our conclusion is that the wide bandiigcie which leads to a spectrum mea-
surement is robust against parameter changes and backigsgstematic errors over a reasonable
range [73].
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FIG. 16: 3 sigma and 5 sigma confidence level exclusion limits for determining CP violatisin® 26,3
versusdcp for statistical and systematic errors (left hand plot). This is for a 300 kT w&teerenkov
detector with a total exposure d20x 10°° POT. The right hand side is for statistical errors alone. The
solid (dashed) lines are for normal (reversed) mass ordering. \WWaras 10% systematic errors on the

background for this plot.
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FIG. 17: Discovery reach for a normal mass hierarchyaf@ CP fractions O (lower-most line, best case),
0.5 (middle line) and 1 (uppermost line, worst case) as a function of tledibasThe detector mass, beam

power and exposure are kept the same for all baselines. For fuxghlanation of the plot please see [73].



13.1.2. Liquid Argon Detector

If a 100 kTon fiducial mass liquid argon time projection chamban be built, then it can
be placed at one of the DUSEL sites and used as a long baseluteno oscillation detector.
We have assumed that such a detector can have 80% efficienail tharged current electron
neutrino events and has background rejection capabilégt{@& 10.2) that virtually rejects all NC
and CC backgrounds. We further assume that the detector avié hesolution characterized by
20%//E/GeV for non-quasielastic events and 3YE /GeV for quasielastic events. The spectra
that result from these assumptions are displayed in Figdiferithe same parameters and exposure
as Figure 9.

The parameter resolutions and sensitivity limits for th@ kU liquid Argon TPC at DUSEL
are shown in Figures 19 to 22. If there is no excess of ele@vents observed then we can set
a limit on the value of sifi26,3 as a function ofcp. Such sensitivity limits are shown in Figure
20. The range of parameters over which the mass hierarchpeaasolved is shown in Figure
21. We have chosen to display the limits separately for treerhass hierarchies. The region to
the right hand side of each curve excludes the opposite nexss¢hy at the respective confidence
level. Similarly the range of parameters over which CP violatan be established (i.e. determine
that &cp is not 0 orm) is displayed in Figure 22. The comments we made regardipgraence
on exposure, baseline, and oscillation parameters for tterwiCherenkov detector are equally
applicable to the sensitivities one would obtain with tlygiid argon detector placed at DUSEL.
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FIG. 18: Simulation of detected electron neutrino (top plots) and anti-neutrino (botiots)spectrum

right for reversed hierarchy) for 3 valuafsthe CP parametedcp, —45°, 0°,

(left for normal hierarchy,

and —45°, including background contamination. This simulation is for 100 kT of LAeater (with the

performance described in the text) placed at DUSEL, 1300 km away fié#&l FThe hatched histogram

shows the total background, which is dominated byuh&eam background. The other parameters and

running conditions are shown in the figure.
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FIG. 19:90% and 95% confidence level error contoursir? 26,3 versusdp for statistical and systematic
errors (left hand plot) for 15 test points. This plot is for a 100 kTon liquidowd PC placed at DUSEL
1300 km away from FNAL. This is for combining both neutrino and anti-neuttata. The right hand side
is for statistical errors alone. This plot was made for normal mass hiésardVe assume 10% systematic

errors on the background for this plot.

180 180

e [V +v, 1300km e [V +v, 1300km
[ 30+43010°PoT 7 [ 30430 10°PoT
F— 30 pn2 <y e 30 g2 o
120 2 ot > 0) 120 F T o am;, >0)
[ 30 [ 30 2 4
Lo o Bms; R o @< 0)
60 60
o o
-60 } -60 ;
: Il \\\\H‘ \\\\\E\H‘ Il | : Il \\\\H‘ .\"-‘ \.}:\\H‘ Il |
18954 10° 102 ) 100 18907 10° 102 , 10?
sin 2913 sin 2913

FIG. 20: 3 sigma and 5 sigma confidence level exclusion limits for determining a morvaee for6:3 in
sin? 26,3 versusdep for statistical and systematic errors (left hand plot). This plot is for a 10KiEuid
Argon TPC placed at DUSEL 1300 km away from FNAL. This is for combibetg neutrino and anti-
neutrino data. The right hand side is for statistical errors alone. The solasiied) lines are for normal

(reversed) mass ordering. We assume 10% systematic errors oatkgrbund for this plot.
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FIG. 21: 3 sigma and 5 sigma confidence level exclusion limits for determining the mersschy in

sir? 20,3 versusdep for statistical and systematic errors (left hand plot). This plot is for a 100KiGuid
Argon TPC placed at DUSEL 1300 km away from FNAL. This is for combibot neutrino and anti-

neutrino data. The right hand side is for statistical errors alone. The sdaslied) lines are for normal

(reversed) mass ordering. We assume 10% systematic errors oadkground for this plot.
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FIG. 22: 3 sigma and 5 sigma confidence level exclusion limits for determining CP violatisin® 26,3

versusdcp for statistical and systematic errors (left hand plot). This plot is for a 100KiGuid Argon TPC
placed at DUSEL 1300 km away from FNAL. This is for combining both neuttmd anti-neutrino data.
The right hand side is for statistical errors alone. The solid (dashed) kEmegor normal (reversed) mass

ordering. We assume 10% systematic errors on the background forhis p
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13.2. Sensitivity of a NuMI based off axis program

In this section we present the sensitivity results for sehafrthe scenarios using NuMI off-axis
neutrinos which we studied. The following assumptions weagle for this part of the study. We
have attempted to make the calculations as directly corbfgata the previous section as possible.
But there are small differences. These are also listed below.

e The source of the proton beam used to create neutrinos wiidoEermilab Main Injector.

e Current planning at Fermilab to maximize the proton intgnfsdm the Main Injector via a
series of staged upgrades, will in fact occur over the nexade.

e The possibility of a new source, such as the HINS (High Iritgideutrino Source[25]), or
alternative ideas to improve the Main Injector, is consdess the final stage of the upgrade
path, ultimately providing an annual proton intensity ot 20°! protons per year.

e Though the Fermilab Main Injector can be operated with exéh proton energies of less
than 120 GeV, we have assumed that the optimum operationl@0aGeV, based on total
delivered beam power.

e The neutrino beam which we are considering here is the pgidtiuMI beam, which is
a conventional horn focusing beam, capable of producing hetitrino and anti-neutrino
beams (by reversing the current in the horns). We do not densiny reconfiguration or
modification to the existing 2-meter diameter, 675-metagldecay pipe.

e \We assume that upgrades to targets, horns, shielding atidgsgstems will be required
to accommodate proton intensities significantly highenttrat for which the facility was
designed.

e We do assume that the target and horn configuration can bstedjto optimize neutrino
rates.

e We assume that detectors situated in NuMI off-axis locatiwitl most likely be sited on or
near the surface. We do not discuss the detector designsaedo reject the backgrounds
from cosmic ray interactions associated with a surfacetioca

e We have used an efficiency of 80% for all charged current mleateutrino events and a
neutral current rejection factor of 0.001, consistent wiith parameters of a Liquid Argon
detector.

e We assume that the background is known with a systematic @fr&o.
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e The assumption on oscillation parameters is stated at t@iag of this section. For the
calculation here these parameters as well as the mattetydaresassumed to be fixed.

e In our first pass analysis our sensitivities have been gegessuming no prior knowledge
of either sif26;3, the mass hierarchy ak.p . Iteration of the sensitivity calculation for
the mass hierarchy arditp have also been done such that for values df28g > 0.02, the
angle is known (as will be the case from Phase | experimefts)values< 0.02 we assume
the angle is unknown.

As a cross-check and starting point for our study, we haveuGated the sensitivities for a 20
kton NOVA detector (see Figure 23). Our results are consistent witbe produced for the NG\
project Technical Design Report. Note, for this and all sghset figures, the dashed line is placed
at the current Chooz limit.

For each scenario we assumed that the Phase Il program teohsisrunning for an equal
time in neutrino and anti-neutrino mode. We show the plotsafointegrated proton intensity of
30x10%° in each mode. We also assume that theud@etector continues to take data during
Phase II. The new detectors are all Liquid Argon technology.

Thefirst scenario considered was placing a 100 kton detector at theadmum, i.e. simply
increasing the mass and efficiency of the WOconfiguration. The sensitivities are shown in
Figure 24.

Thesecondscenario we studied, was to place a 100 kton detector at &rieae€700 km and an
off-axis angle of 57 mrad (40 km). This location correspotudthe second oscillation maximum,
where the matter effects are small (due to the lower enerdglieoheutrinos), but the CP effects
are large. The N@A detector is the only detector at the first maximum site (L 8,814 mrad off
axis). These results are shown in Figure 25. We find that Wwithdonfiguration, running neutrinos
and anti-neutrinos, the sensitivity to the mass hierarcétyeths over the range of possilidep
values, but the discovery potential is limited to value®gfrelatively close to the current limit.

A third scenario was to split the mass between the two locationstd@ lat each the first and
second maximum. These results are in Figure 26.

Finally, afourth scenario was the same as the third except that the deteteaslasite were
100 ktons.

We summarize our studies in Table X. Because some of the soesawmdied have the benefit
of "flattening” the sensitivity ovebcp , we have included the sensitivity limits for both 50% and
100% coverage of thécp space. We have also included in this table the limits whiah loa
reached as the Phase | program evolves, and as the LiquiahAggbnology also evolves.

From these studies we conclude the following:
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e sirf20;3down to 0.02 can be measured by the Phase I\N)Qexperiment. Phase | ex-
periments however, have limited or no sensitivity to detaing the mass hierarchy, and
essentially no sensitivity técp .

e If sin®20y3is large, i.e.>0.04 a Phase Il experiment using the NuMI beam can be designed
specifically to determine the mass hierarchy. Such an exyeati is like our 4th scenario
(see Table X), with two massive detectors placed at the firdtsecond maximum sites. In
this experiment the mass hierarchy can be resolved for hlesaofdcp . The experiment
also has sensitivity tdcp .

e The mostinteresting and complex situation to plan for, Bhi&se | experiments indicate that
0.02 < sirf26;3 < 0.04. In this case we find that the configurations studiedtferNuMI
Off-Axis option can have relatively good sensitivity to eehine the mass hierarchy, as well
as some sensitivity tGP.

e If Phase | experiments conclude that’®i6;3 < 0.02 the Phase Il program can continue the
search. Continued running, more protons and larger moreegifidetectors, placed at the
1st maximum (the N®A site), allows one to reach sensitivities to well below #0(of the
order~0.003) as can be seen in our first scenario.

13.3. Comparison of sensitivity estimates

A summary of the sensitivity reach for non-zefigs, CP violation and the sign 01m§1 for
6 different combinations of beams, baselines, detectdmt@ogies, and exposure is presented in
Table XI. Several more configurations for the off-axis scenare presented in Table X. The
sensitivity reach is given as the lowest&28; 5 value at which at least 50%f Ocp values will have
> 30 reach. For this table we use the mass hierarchy with the wersitivity to determine the
minimal value of siR 26,3 for which > 50% of & values will have> 30 sensitivity to a particular
measurement. We estimated these values &f28i3 from the studies and plots discussed in
Sections 13.1 and 13.2. We note that different options arsitbee to different values adp, such
that being sensitive to 50%, values does not necessarily imply that a given experimepisbn
is sensitive to the same region of oscillation parametes@lspace as another.

We compare the wide-band FNAL to DUSEL program, option (4)hwhe narrow-band off-
axis NuMl-based program, option (2), for the same expost8eBoMW.yr (1 experimental year is
defined as I x 10’ seconds). This is equivalent to an integrated exposure »fl®8° protons-on-
target for proton beam energies of 120 GeV. We assume equmlramof exposure for neutrinos
and anti-neutrino (reverse horn current) running. A ligaigon TPC with a total mass of 100
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KT is assumed as the detector technology of choice for thegserof the comparison. We note
that slightly different assumptions on the systematic uag&ies on the oscillation parameters and
backgrounds went into the sensitivity estimates for NuMiaofis (5% uncertainty on the back-
ground) and the wide-band FNAL to DUSEL options (10% unaetyeon the background). The
effect of the different assumptions4s15% variation on the value of 86,3 at which the sensi-
tivity reaches 50% o&cp. We find that for the same exposure of 6.8 MW.yr, and the saguoedli
Argon TPC detector technology (size and same performatioe)wide-band FNAL to DUSEL
approach has significantly better sensitivity to CP violatithe sign ofAn‘%l, and comparable
sensitivity to non-zero values 3. To illustrate the improvement in sensitivity over the éxig
program, the sensitivities of the current N® experiment (as shown in Figure 23) at the same
exposure, are summarized as option (1) in Table XI Theséharsdnsitivity limits expected from
the NOvA experiment only, before combination with T2K[76]. Analy®f combining with T2K
has been performed elsewhere[77].

The value of siR26;3 at which at least 50% aJ.p values will have> 3o reach as a function of
exposure for the NuMI ME beam at 810km (labeled W), and the wide-band 120 GeV beam
at 1300km (labeled WBB-12Pis summarized in Figure 28 from reference [78]. A LAr TPC
is the detector technology assumed for NuMI off axis (labéN&®vA*) and WBB-12Q. We find
that after reaching an exposure of 2 MT.MW I&conds (for 100kT LAr and a 120 GeV beam,
this is an exposure of 28 protons-on-target), the mass hieraray-degeneracy is sufficiently
resolved for the N@A* approach (option (2)) - and the sensitivity to CP violatiopraaches that
of the wide-band beam at the 1300km baseline. For the masar¢hig, the wide-band FNAL to
DUSEL approach always has significantly better sensitivitlependent of the exposure. Option
(3) in Table Xl is a NuMI-based program with a 50 kT detectothat 1st oscillation maximum
running concurrently with another 50kT module placed atzhd oscillation maxima. We find
that option (3) has worse sensitivity to non-zero valueghgfwhen compared to option (2) and
slightly better sensitivity to the sign &fimz,.

Option (5) summarizes the FNAL to DUSEL sensitivity when 10® kT LAr TPC of option (4)
is replaced by a 300 kT water Cherenkov detector. We find tleaséinsitivity worsens due to the
lower signal statistics and higher NC backgrounds in a waterenkov detector. We can recover
some of the lost sensitivity by doubling the exposure of tiagawCherenkov detector as shown in
option (6). For the same exposure, the FNAL to DUSEL prograth &v300 kT water Cherenkov
detector, option (5), has the same sensitivity to CP viatedi®the NuMI based program with a 100
KT LAr TPC in options (2) and (3) and significantly better Séwisy to the sign ofAm%l. We find
the FNAL to DUSEL program with a 300 kT water Cherenkov detebts similar sensitivity to
non-zerof3 as the NuMI based program with two 50 kT LAr TPC'’s at the 1st amdl @scillation
maxima, option (3).
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We summarize the comparison studies as follows:

e Sir’26;3down to 0.02 can be measured by the Phase |(NQexperiments. Phase |
(NOvVA) experiment, however, have limited or no sensitivity tdedmining the mass hi-
erarchy, and essentially no sensitivitydgp .

e All Phase Il experimental options will improve the sensiyito CP violation by at least an
order of magnitude over the existing Phase | program.

e Given the same exposure and detector technology (LAr TPEFMAL to DUSEL program
with a wide band beam has significantly better overall setgitto neutrino oscillations
when compared to a shorter baseline NuMI based program widifaaxis beam.

e The FNAL to DUSEL program with a 300 kT water Cherenkov detebss similar sensi-
tivity to CP violation when compared to a NuMI off-axis progravith a 100 KT LAr TPC,
and significantly better sensitivity to the signzmﬁl.

e A NuMI off-axis program with two 50 kT LAr TPCs at the 1st and 2oskillation maxima
at baselines of 810 and 700 km respectively has marginattghsensitivity to the sign of
AmZ, but significantly worse sensitivity to non-zeigs when compared with putting the full
100 KT mass at the 1st oscillation maxima.
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FIG. 23:90%, 3 sigma confidence level exclusion limits for determining a non-zdue Yor 6,3 (top), for
excluding the opposite mass hierarchy (middle), and for excluding CPtignlébottom) insir? 26,3 versus
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Detector Location Detector Exposure
(L(km), 6(mr)) |(technology/massPOT (v) | sinf26;3 | sgn@mg;)| CPV
(beam tune) /POTWV)
810, 14(ME) NOVA /20kt 15/- 0.018/0.030| 0.17/NA NA
810, 14 (ME) NOvVA /20kt 15/15 | 0.018/0.024| 0.16/NA NA
810, 14(ME) NOvVA /20kt 30/30 | 0.012/0.020| 0.10/NA NA
810, 14(ME) NOvVA /20kt 30/30 | 0.007/0.013| 0.08/0.20| NA
810,14(ME) + LAr/5kt 30/30
810, 14(ME) NOVA /20kt 30/30 | 0.004/0.009| 0.05/0.15| 0.07/NA
810,14(ME) + LAr/20kt 30/30
Scenario 1
810, 14(ME) NOvVA /20kt 30/30 | 0.0018/0.005 0.03/0.12| 0.03/NA
810, 14(ME) + LAr/100kt 30/30
Scenario 2
810, 14(ME/LE)| NOVA /20kt 30/30 | 0.011/0.018| 0.05/0.07 | 0.07/NA
700, 57 (LE) + LAr/100kt 30/30
Scenario 3
810, 14(ME/LE)| NOVA /20kt 30/30
810, 14 (LE) + LAr/ 50kt 30/30 | 0.0035/0.006 0.033/0.060.035/NA
700, 57 (LE) + LAr/ 50kt 30/30
Scenario 4
810, 14(ME/LE)| NOVA /20kt 30/30
810, 14(LE) + LAr/100kt 30/30 |0.0027/0.0048).030/0.0420.022/NA
700, 57 (LE) + LAr/100kt 30/30

TABLE X: Sensitivity comparisons for all NuMI Off-axis scenarios thag¢ne evaluated. These numbers
were calculated with the normal hierarchy assumption. The first three ogsesent three possible stages
of the Phase | (N@A ) program. The values given represent the value 328 where a 3 determination

of the parameter can be made for 50%(/ 100%) of the possible valdes oNote that for determining the
sensitivity to mass hierarchy addp , for values of sif268;3 >0.02 we assume that the angle is known (i.e.

from Phase | experiments.)
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Option/Beam Baseline Detector |Exposure (MW.yr)|6;3 # O] CPV |sgn(Am3,)
(1) |NuMI ME, 0.9 810 km | NOVA 20 kT 6.8 0.015/>0.20 0.15
(2) |NuMIME, 0.9 810 km | LAr100KT 6.8 0.002| 0.03| 0.05
(3) |NuMILE, 0.9, 3.3,|810,700 kmLAr 2 x 50 kT 6.8 0.005| 0.04| 0.04
(4) |WBLE 120GeV, 0.5/ 1300km | LAr 100 kT 6.8 0.00250.005 0.006
(5) |WBLE 120GeV, 0.5| 1300km | WCe 300 kT 6.8 0.006| 0.03| 0.011
(6) |WBLE 120GeV, 0.5/ 1300km | WCe 300 kT 13.6 0.004 |0.012 0.008

TABLE XI: Comparison of the sensitivity reach of different long basekxperiments. The sensitivity is
given as the value of s26,5 at which 50% ofécp values will have> 3o reach for the choice of mass
hierarchy with worst sensitivity. We assume equal amounts afidv running in the total exposure. The

assumption on running time is7lx 10’ seconds of running per year. Also see Table X.
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14. SENSITIVITY TO NON-ACCELERATOR PHYSICS

A well instrumented very large detector, in addition to ike@erator based neutrino program,
could be sensitive to nucleon decay which is one of the tagrifigs in fundamental science. All
of the detector technologies we consider will lead to enbdrdetection and study of neutrinos
from natural sources such as the Sun, Earth’s atmosphergtlaosphere, and past and current
supernova explosions. To achieve these goals, the keysisseecosmogenic backgrounds and
low energy thresholds~{ 5 MeV); the first primarily depends on the depth of the deteatcd
the second depends on the depth, the radioactivity from #tenmls used in the detector and in
the surrounding rock, and the detector noise (photosermse i the case of a water Cherenkov
detector, and electronic noise in the case of a liquid arge@)T

In this section we briefly summarize the potential of a largeedtor for nucleon decay and
astrophysical sources of neutrinos. We also comment ortiaical requirements on the detector.
For each topic we attempt to identify where the requiremeftise accelerator program match and
where they diverge.

14.1. Improved Search for Nucleon Decay

Theoretical MotivationWhile current experiments show that the proton lifetime exiseabout
1033 years, its ultimate stability has been questioned sincedhly 1970’s in the context of theo-
retical attempts to arrive at a unified picture of the fundatakparticles - the quarks and leptons
- and of their three forces: the strong, electromagneticvamak. These attempts of unification,
commonly referred to as “Grand Unification”, have turnedtoube supported empirically by the
dramatic meeting of the strengths of the three forces th&dusd to occur at high energies in
the context of so-called “Supersymmetry”, as well as by tlagnitude of neutrino masses that is
suggested by the discovery of atmospheric and solar newdsaillations. One of the most crucial
and generic predictions of grand unification, however, a the proton must ultimately decay into
leptonic matter such as a positron and a meson, revealindg-¢g@on unity. A class of well-
motivated theories of grand unification, based on the symnw@tSO(10) and Supersymmetry,
which have the virtue that they successfully describe thesesmand mixings of all quarks and lep-
tons including neutrinos, and which also explain the or@fithe excess of matter over anti-matter
through a process called “leptogenesis”, provide a coasge/(theoretical) upper limit on the
proton lifetime which is within a factor of ten of the currdatver limit. This makes the discovery
potential for proton decay in a next-generation experinhégtt.

From a broader viewpoint, proton decay, if found, would pdews with a unique window to
view physics at truly short distances - less than®@m., corresponding to energies greater than
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106 GeV - a feature that cannot be achieved by any other meansouldvprovide the missing
link of Grand Unification. Last, but not least, it would helgcartain our ideas about the origin
of an excess of matter over anti-matter that is crucial tootingin of life itself. In this sense, and
given that the predictions of a well-motivated class of @ramified theories for proton lifetime
are not far above the current limit, the need for an improwearch for proton decay through a
next-generation detector seems compelling. The theateficdance provided by some promising
models points towards the need for improved searches faopmecaying intovK* and et i°
modes with lifetimes less than abouk20%* and 1§° years, respectively. Should proton decay be
discovered in these modes, valuable insight would be gaigeskarches for other related modes
includingu® m® andu*K©,

Current status of experimentatiofihe “classical” proton decay mode,— e* i, can be ef-
ficiently detected with low background. At present, the Biesit on this mode (> 5.4 x 1033
yr, 90% CL) comes from a 92 kTon-yr exposure of Super-KamidkarThe detection efficiency
of 44% dominated by final-state® absorption or charge-exchange in the nucleus, and the ex-
pected background is 2.2 events/Mton-yr. The mpde VK™, is experimentally more difficult
in water Cherenkov detectors due to the unobservable newtnd the fact that the kaon is below
Cherenkov threshold. The present limit from Super-Kamidleais the result of combining several
channels, the most sensitive of whicliKis — u™v accompanied by a de-excitation signature from
the remnant'>N nucleus. Monte Carlo studies suggest that this mode shomldinebackground
free for the foreseeable future. The present limit on thislens> 2.2 x 1033 yr (90% CL).

Requirements for the next stage of experimentat®imce the lifetime of the nucleon is un-
known, and could range from just above present limits to mamders of magnitude greater,
increases in sensitivity by factors of a few are insufficientnotivate new experiments. Thus,
continued progress in the search for nucleon decay indyitaluires much larger detectors than
Super-Kamiokande. The efficiency for detection of #e® mode is dominated by pion absorp-
tion effects in the nucleus, and cannot be improved sigmfigaAn order of magnitude improve-
ment in this mode can only be achieved by running Super-Kkamde for an additional 30-40
more years, or by constructing an order of magnitude largee@ment. The decay modes of the
nucleon are also unknown, and produce quite different éxyatal signatures, so future detec-
tors must be sensitive to most or all of the kinematicallp\wa#d channels. Moreover, the enor-
mous mass and exposure required to improve significantlykistirgg limits (and the unknowable
prospects for positive detection) underline the imporgaat any future experiment’s ability to
address other important physics questions while waitinghfe proton to decay.

New facilities under consideratior variety of technologies for discovery of nucleon decay
have been discussed. Of these, underground water Cherepgesra to be the only one capable
of reaching lifetimes of 1% years or greater. Cooperative, parallel studies of a futnderground
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water Cherenkov proton decay experiment are underway in t8eand Japan. The proposed de-
signs range from 300 kTon (14 times Super-Kamiokande) todnMtiquid Argon or scintillation
techniques have also been discussed in the proton decayuwaitgrand may have significant effi-
ciency advantages for certain modes that are dominant int@aircéroad class of SUSY theories.
Liquid Argon time projection chambers potentially offeryealetailed measurements of particle
physics events with superb resolution and particle ideatifon. Liquid Argon feasibility will be
demonstrated in the near future with the operation of a B00CARUS detector. If expectations
are correct, it should have a sensitivity that is equivatersa 6000-ton water Cherenkov detec-
tor in thep — VK™ mode. The liquid scintillator approach is presently beirglered with the

1 kTon KamLAND experiment. It should also have enhancediteigsto this mode by directly
observing the&K ™ by dE/dx and observing the subsequé&nt — u*v decay.

Performance and feasibilitipetailed Monte Carlo studies, including full reconstruntaf sim-
ulated data, indicate that the water detectors could réectydal of an order of magnitude improve-
ment on anticipated nucleon decay limits from Super-Kamme. With sufficient exposure, clear
discovery of nucleon decay in®" 1i° would be possible even at lifetimes of (few)10%° years
where present analyses would be background-limited, Ihyegng the selection criteria. For in-
stance, with a detection efficiency of 18%, the expected drackd is only 0.15 events/Mton-yr,
ensuring a signal:noise of 4:1 even for a proton lifetime@¥PYyears. A water Cherenkov detector
would also provide a decisive test of super-symmetric SPgiénd unified theory by reaching a
sensitivity of a (few) 10** years for thevK™ mode.

As we have discussed, a much smaller liquid argon could daptarly well on the mode/K ™
as the efficiency could be as much as 10 times larger thanrttibeiwater Cherenkov detectors
due to the extraordinary bubble chamber-like pattern reitiog capabilities. Due to this, a single
observed event could be powerful evidence for a discovehe ef ° mode however would be
limited by the smaller size of these detectors.

The search for n-nbar oscillation is another test of baryam-conservation. While this is not
one of the favorite predictions of conventional SUSY grandication, this process, taking place
in the nuclear potential, can reach an equivalent sertyitivi baryon non-conservation of 30

years.

14.2. Observation of Natural Sources of Neutrinos

All of the detector technologies we consider will lead to @amted detection and study of neutri-
nos from natural sources such as the Sun, Earth’s atmosahetgéhosphere, and past and current
supernova explosions. There may also be previously unstepenatural neutrino sources that
appear when the detector mass reaches the hundreds ohkikxtale. The liquid scintillator tech-
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nique is of particular note here because it could allow thea®n of low energy antineutrinos
from Earth’s lithosphere. This physics, however, requioss energy thresholds which are diffi-
cult to obtain without eliminating cosmogenic backgrounddrcating the detector at great depth
and with careful selection of materials with low intrinsadioactivity for the detector construction.
The low activity concerns become important if we attemptustpthe threshold to below 5MeV.
The low activity requirement is not essential for accelarahysics.

Solar neutrinos have already been observed in the SupereKande and SNO detectors. If the
large detector concepts discussed here result in corisimaftthe underground experiment, it may
become possible to increase the observable event rateletmalgarly observe spectral distortion
in the < 5 to 14 MeV region. One could also measure the as yet unddtbefe solar neutrinos
(with an endpoint of 18.8 MeV) well beyond th&B endpoint ( 14 MeV). These measurements
would require a very comprehensive understanding of thecti@t systematics and energy resolu-
tion, but a better determination of the solar spectrum as agetietection of the day-night effect
with high statistics would represent a significant advand@eé evolution of solar nuclear physics
measurements.

The observation of supernova neutrino events in a largerineutletector of the type being
discussed in this report is straightforward and has hisabiprecedent. The SN 1987A super-
nova, in fact, was seen by two large water Cherenkov detettravents in Kamiokande-II (total
mass 3kT) and 8 events in IMB (total mass 7kT)) that were adtiproton decay searches at that
time. The predicted occurrence rate for neutrino- obséevalgpernovas (from our own galaxy and
of order 10 kpc distant) is about 1 per 20 years, so eventdeillery rare. However, the informa-
tion from a single event, incorporating measured energiddiane sequence for tens of thousands
of neutrino interactions, obtained by a very large neutdetector, could provide significantly
more information than has ever been obtained before abeutirtite evolution of a supernova.
In addition to obtaining information about supernova peses, the small numbers of SN1987a
neutrino events have been extensively used to limit funddéah@eutrino properties. Supernova
processes continue to have very high interest because oé¢bat detection of the acceleration of
the rate of expansion of the universe using type la superri®®aent work has shown that diffuse
neutrino events from past core collapse supernova (whistiyme neutrino bursts) could be used
to gain independent knowledge on the cosmological evaiyggyrameters[79]. Therefore detection
of supernova neutrinos, either as a burst from a single soparor as a diffuse source from past
supernovas, should be a key mission of the multipurposeteticility.

Recently, there has been substantial progress in the det@ctrelic supernova neutrinos using
the inverse beta decay reactiog+ p — e' + n. This ability could be obtained with some futher
investment as described below. Neutrons are presentlsiliiin water Cherenkov detectors. Af-
ter thermalizing, they are captured by free protons in thegvamitting a 2.2 MeV gamma which
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is well below a typical threshold and which is also overwhediby the large radon backgrounds at
such energies. However, if we were to dissolve gadoliniuthétorm of gadolinium (tri)chloride,
GdCl, in the water (the price of gadolinium has dropped threersrdemagnitude in recent years,
making such a detector affordable) then the experimentavoetome sensitive to the neutron cap-
ture gamma cascade (total energy = 8.0 MeV) produced by Gaviolg positron emission from
the inverse beta reaction [80]. With a concentration of 0G&¢0.2%GdCkL) by mass, over 90%
of the neutrons will be visibly captured on Gd rather than mytgns.

By requiring coincident signals, i.e., a positron’s Cherenkght followed shortly thereafter
(< 10Qus) and very close to the same spot by the gamma cascade of aezhpeutron, back-
grounds to the diffuse supernova neutrino signal could batty reduced. Diffuse supernova neu-
trino background (DSNB) models vary, but with the Gd in theav#ihe 50kton Super-Kamiokande
should see about five DSNB events each year above 10 MeV vaéngally no background. One
can easily imagine a next-generation water Cherenkov aeteeeing> 100 supernova relic neu-
trinos every year. Adding gadolinium would greatly imprdhe response to a supernova within
our own galaxy as well, allowing the deconvolution of theioas neutrino signals (charged cur-
rent, neutral current, elastic scattering) and, amongrdthegs, doubling the pointing accuracy
back to the progenitor star. Such a detector would also bs&itsento late black hole formation
to much longer times than at present, since the distinctivectdent inverse beta signals can be
distinguished from the usual singles backgrounds. An aleufpff of these coincident signals
would be the unmistakable signature of a singularity beioxnb

The continued study of atmospheric neutrinos in the larggerground detector will provide
useful additions to the program carried out so successiyliyre Super-Kamiokande Experiment.
A detector with mass~1 Mton) would be a powerful tool for studying neutrino physitom
atmospheric neutrinos. Thanks to the larger dimensionketietector, higher energy neutrino-
induced muons can be fully contained and their energy candssuned. Using the atmospheric
neutrino flux, the distinctive oscillatory pattern as a fiime of L/E could be directly observed. The
factor of 20 increase in detector fiducial mass will allowtistacal improvements in all the topics
studied and, perhaps, the emergence of new scientific toPitteer natural sources of neutrinos,
such as lithospheric neutrinos, have not yet been studishgxely and could, in principle, be
observed by the new detector concepts. An initial resulbis @area has recently been announced
by KamLAND. Typically, the neutrino energies for these msses are below 10 MeV and are
sensitively dependent upon the low-energy threshold chiyadss the new detectors. The liquid
scintillator detector concepts are likely to have the b@gtootunities for advancing these topics,
but liquid argon detectors could also contribute.

Finally, we note that there may be galactic sources of negrihat are of lower energy and
greater abundance than the ultra high-energy neutrinacesuo be explored by detectors such
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as the Ice Cube Cherenkov detector now being constructed debgy the Antarctic ice sheet
by an NSF sponsored collaboration. Galactic neutrinos havatural source in inelastic nuclear
collisions through the leptonic decays of charged secgruians. This source is expected to be of
comparable intensity and energy distribution to the highargy photons that are born from neutral
pion decays in the same collisions. Such neutrino sourcesgrdly not detectable with Super-
Kamiokande, could be seen by a megaton-class neutrinotdetbat runs for several decades.

14.3. Depth requirements for non-accelerator physics

It is difficult to consider all possible non-accelerator pitg channels and precisely predict
the most optimum depth for either water Cherenkov detecter lajuid argon detector. The an-
swer could easily depend on various technical assumptiautsit is certainly clear that depth
comparable to or larger than present detectors (Superdamde is at 1000 m of rock or 2700
meter-water-equivalent depth) is needed for the best physiach. A quantitative summary of
depth considerations can be seen in [81].

Nucleon decay modes can be divided in two classes: ones vall@kthe nucleon energy is
visible and ones where some of the nucleon energy escapadidet In the first case, the total
momentum and energy balance is a powerful tool for backgteaduction, and it has been often
argued that these modes should require only modest shgdiadim cosmic rays. Indeed, most of
the decay modes that were searched for in the first genedgtestors required only modest depth.
IMB operated successfully at a depth of 2000 feet. Howewveg very large water Cherenkov
detector, cosmics not only produce background, but alsoceethe live-time of the experiment
by keeping the detector occupied by frequent large energgdgits. If we require live-time to be
more than 90%, a shallow depth of few tens of meters appe#ident. This conclusion does not
include consideration of the data rate, which is contindousion-accelerator physics, and could
be unmanageably high near the surface. The requirementedsmmable data rate: (LOHz of
muons) increases the depth required to approximately therStamiokande depth.

For the second class of nucleon decays in a water Cherenkegtdeta low energy tag from
dexcitation photons may need to be used (For examplevK ™ with a~ 6.3 MeV gamma from
15N de-excitation followed byK™ — u*v with lifetime of 12 ns). These require low energy
thresholds for photons. This is difficult with a backgrourfdfast-neutron (spallation products
from muons in the detector or in the surrounding rock) induicgv energy background events at
shallow depths. Nevertheless, since the tagging photamtisnie to the main event (with time
window of < 50ng), one could conclude that these events also may not requich mmore than
Super-Kamiokande depths. A subclass of events are, hoygeNgect to fast neutron backgrounds.
As an example of this, the moae— vvv can be searched for by observing the de-excitation of
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the residual nucleus. The proposed ultimate DUSEL deptoufa®500 mwe) would reduce the
muon background by about a factor of 100 with respect to Spemiokande and certainly help
in the observation of these modes with a low energy component

For a liquid argon calorimeter, much higher resolution maynmt relaxation of these issues.
In particular, thevK™ mode could be much easier to detect because the kaon coulietiied
by its energy deposit (dE/dx). Nevertheless, some minimepildwill very likely be necessary to
reduce backgrounds from fast neutrons and to reduce theatatto manageable levels.

For solar neutrinos in a water Cherenkov detector, the impbissue is dead-time introduced
by spallation induced fast neutron backgrounds. At Supanitkande this dead-time is 20%.

To maintain the same level of dead-time for a much largeradetedepth similar to or greater than
Super-Kamiokande (2700 mwe) will be needed. For a liquidadgtector, this requirement could
be relaxed because the dead volume around a cosmic muonbeohktter defined.

For a supernova in our galaxy (10kpc), the signal level isasgd ¢~ 10000/'secover a 10
sec burst), that the spallation background at depths albbshas 500 mwe are manageable. For
detection of supernova in neighboring Andromed&%0 kpc), however, greater deptis (300
mwe) is needed. Optimizing depth for diffuse relic supemoeutrino search needs to take into
account the deadtime loss as well as background from spallatoducts such asLi which beta
decays and then ejects a neutron. The analysis in [81] stejipas this search may require depths
similar to Super-Kamiokande even if one could get the endagrent in signal to background from
gadolinium loading.

In summary, the driving issues for depth consideration tdure large water Cherenkov or
liquid argon detectors will be backgrounds to low energynésérom spallation products and data
rates. If one wants to maintain sensitivity to specific intaont physics channels suchas- VK™
in a water detector, and solar and supernova neutrinosharggchnology, depth in the same range
as the current Super-Kamiokande detector is needed. Goegith will enhance the physics reach
of the detector.

15. RESULTS AND CONCLUSIONS

The following summary results and conclusions were disstiss the Sep. 17 2006 meeting of
the study group. The broad conclusions have been refinedbifisant additional numerical work
since then. We have first listed the broad conclusions frasthdy. A summary of comparisons
for the various experimental approaches follows.

e \ery massive detectors with efficient fiducial mass>0fl00 kTon (in the case of water
Cherenkov several hundred kTon and in the case of a liquidnadgtector~ 100 kTon;
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for accelerator based neutrino physics these two would bighlg equivalent in sensitivity)
could be key shared research facilities for the future gertinuclear and astrophysics re-
search programs. Such a detectors can be used with a lorignbassutrino beam from an
accelerator laboratory to determine (or bound) leptonic BRi&ton and measure all param-
eters of 3 generation neutrino oscillations. At the same tiflocated in a low background
underground environment, they would have additional pisysapabilities for proton de-
cay and continuous observation of natural sources of magtisuch as supernova or other
astrophysical sources of neutrinos.

The Phase-Il program will need considerable upgrades tauhent accelerator intensity
from FNAL. Main Injector accelerator intensity upgrade~o700 kW (from the current
~200 kW) is already planned for Phase-I of the program ¢R{ A further upgrade to 1.2
MW is under design and discussion as described briefly ir¢pert. The phase-Il program
could be carried out with the these planned upgrades. Arliduimprovements, perhaps
with a new intense source of protons, will obviously inceetfse statistical sensitivity and
measurement precision. Such an upgrade could significeedlyce the running times (es-
pecially in antineutrino mode) and increase statisticatjgion.

A water Cherenkov detector of multi-100kTon size is needeabtain sufficient statistical
power to reach good sensitivity to CP violation. This requieat is independent of whether
one uses the off-axis technique or the broadband techniwéich the detector is housed
in one of the DUSEL sites.

High signal efficiency at high energies and excellent bamligd reduction in a liquid argon
TPC allows the size of such a detector to be smaller by a fat®to 4 compared to a water
Cherenkov detector for equal sensitivity. Such a detectstillgjuite large.

The water Cherenkov technology is well-known. The issuesgoias extraction and back-
ground reduction were discussed and documented at lenghisistudy. The needed back-
ground reduction and energy resolution is achievable adidweerstood for the broadband
beam approach, but not yet fully optimized. Key issues fatisg up the current generation
of water Cherenkov detectors (Super-Kamiokande, SNO, atwd)locating such detectors
in underground locations in DUSEL have been investigaté@. dost and schedule for such
a detector could be created with high degree of confidencersAdpproximation for this
was reported to this study.

For a very large liquid argon time projection detector keghtgcal issues have been iden-
tified for the building of the detector. A possible develomtneath includes understanding
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argon purity in large industrial tanks, mechanical andtebeics issues associated with long
wires, and construction of at least one prototype in the masge of 1 kTon.

In the course of this study we have examined the surface opeaf the proposed massive
detectors for accelerator neutrino physics. Water Cheredktector are suitable for deep
underground locations only. Surface or near surface aperaf liquid argon TPCs is pos-
sible, but requires that adequate rejection of cosmic rayddmonstrated. Surface or near
surface operation capability is essential for the off-gxsgram based on the existing NuMI
beam-line because of the geographic area through whichethra lravels.

For an off-axis program based on the NuMI beam-line, baselof about 800 km and off-
axis distances of 10 to 40 km were considered for CP violatlyrsigs. Since the detector
location is on the surface the best choice appears to be arfimeed detector such as a large
liquid argon TPC. The scenarios considered for this programewa) 100 kTon LArTPC at
the 2nd oscillation maximum (40-60 mrad) in conjunctionhnthe Phase | N@A detector.

b) 100 kTon LArTPC at the Phase | N@ site. For scenario a) we find that the simple
addition of a 2nd detector does not have significant seitgifr CP. Scenario b) does have
sensitivity as shown in Figure 24. A third scenario, using tietectors of 50 kTon each at
the first and second maximum has also been analysed (see R@urAdditional scenarios
are presented in Table X.

For a wideband program to DUSEL (either at Henderson (149p dmiHomestake(1290
km)), two choices for detector technology were consideraddeep sited large water
Cherenkov detector with fiducial mass-0800 kT or a 100 kT liquid argon TPC (which may
be located either on the surface or underground). Thesefaene to have good sensitivity
for CP violation after exposure to the same amount of beambeétter signal to background
ratio for the liquid Argon TPC allows for better sensitivitshich can be compensated by in-
creased exposure or a larger water Cherenkov detector. mbiigy for 1300 km location
and its variation for exposure are shown in Figures 11 to 22 Sensitivity was found to be
about the same for 1495 km.

Baselines shorter than 500 km on the NuMI beamline from FNAlehsevere technical
limitations for performing the CP violation science becaakthe low energy of the oscil-
lated events, difficulty of separating the ambiguities dueniss hierarchy, and the surface
location of the massive detectors.
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15.1. Brief comparison of experimental approaches

In the course of this year long study we have been able to deseral very clear conclusions.
Regardless of which options evolve into a future programfdahewing will be required.

1. A proton source capable of delivering 1 - 2 MW to the newtpnoduction target.

2. Neutrino beam devices (targets and focusing horns) tamdilefficient operation at high
intensity.

3. Neutrino beam enclosures which provide the required Evenvironmental and personnel
radiological protection.

4. Massive >100 kton) detectors which have have high efficiency, regmiuand back-
ground rejection.

5. For each of the above items, significant investment in Raaridlis required and needs to be
an important aspect of the current program.

We have found that the main areas of this study can be distuskively simply if we divide
them into two broad categories : 1) The neutrino beam cordtgur and 2) The detector technol-
ogy. Further, we are able to summarize our conclusions intaltes which show the pros and
cons of the various options.

In Table XIl we compare the pros and cons of using the exigNndll beam and locating
detectors at various locations, versus a new wide bandinedteam, from Fermilab but directed
to a new laboratory located at one of the potential DUSElssite. at a baseline of 1300 to 2600
km.

In Table XIIl we compare the pros and cons of constructingsiwvasdetectors ( 100 - 300 kT
total fiducial mass) using either water Cherenkov or liqugbartechnology.

15.2. Project timescales

In the following we briefly comment on the possible timelidesthe different components of
the program we have described in the report. At this stagedifficult to understand the funding,
manpower, and other constraints to the program, therdfersttidy group has decided to comment
only on technically driven schedules.

e The FNAL proton upgrade timeline: The SNuMI project which aims to upgrade the Fer-
milab accelerator complex to deliver higher intensity frdme Main Injector, submitted a
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Pro

Con

NuMI On-axis

Beam exists;

Tunable spectrum;

L ~ 735 km
Sensitivity to mass hierarchy is limited
Difficult to get flux < 3 GeV

NuMI Off-axis

(1st maximum)

Beam exists ;
Optimized energy;
Optimized location for
1st detector;

Site will exist from NQVA project;

L ~ 800 km

Limited sensitivity to mass hierarchy

NuMI Off-axis

(2nd maximum)

Beam exists;
Optimized energy;
Improves mass hierarchy

sensitivity if 63 is large;

L ~ 700-800 km;

Extremely low event rate;

A new site is needed;
Energy of events is- 500MeV;

Spectrum is very narrow

WBB to DUSEL

More optimum (longer) baseline;

Can fit oscillation parameters

New beam construction project$100M;

Multi-year beam construction;

using energy spectrum;
Underground DUSEL site for detector;

Detector can be multi-purpose;

TABLE XII: Comparison of the existing NuMI beam to a possible new wideddaw energy (WBLE) beam
to DUSEL

conceptual design report (CDR) in the fall of 2006. The timkséar the project will be-
come clearer after the review process is completed. A piding timeline has been pro-
vided to this study. The complete upgrade will be carriedioiivo steps. In the first step,
the recycler based upgrade (proton plan phase-Il) willgotire total beam power to 700 kW
by early 2011. In the second step, the accumulator upgradec@mplete SNuMI project)
will bring the total intensity to 1.2 MW. An aggressive plaalls for performing the com-
plete upgrade up to 1.2 MW by 2012. But this will depend on thiea@me of reviews and
discussions that will take place in the next year.

e Construction of a new beam towards DUSEL:Construction of a possible new beam to-
wards is not part of the SNuMI project. Only preliminary dissions, cost, and schedule
estimates exists. The scope of the project is similar to tb®MNoroject which was de-
scribed in Section 7.1. Based on the NuMI experience, a rougme for the project could
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Pro Con
Water Well understood and proven technology;|Must operate underground;
CherenkoyTechnique demonstrated by SuperK (50k$ale up factor is< 10;
Cavern stability must be assured
and could add cost uncertainty;
New background rejection techniques |NC background depends on spectrum
available; and comparable to instrinsic backgrou
Signal energy resolutior 10%; Low v signal efficiency (15-20%);
Underground location
makes it a multi-purpose detector;
Cosmic ray rate at 5000ft is0.1 Hz.
Excellent sensitivity tgp — et Low efficiency top — KTv.
Liquid Technology demonstrated by Scale up factor 0of-300 is needed;
Argon ICARUS (0.3KT);
TPC Needs considerable R&D for costing;

Promises high efficiency and
background rejection;

Has potential to operate

on (or near) surface;

Could be placed on surface
either at NuMI Offaxis or DUSEL;

Better sensitivity to

p—Kfv

Not yet demonstrated by
simulation of a large detector;
Needs detailed safety design for
deep location in a cavern;
Needs detailed demonstration
of cosmic ray rejection;

Surface cosmic rate’500kHz;
Surface operation limits

physics program;

TABLE XllI: Comparison of Water Cherenkov to Liquid Argon detectortteologies

be: 1 to 2 years for preparation and geological site invattgs, 2.5 to 3 years for civil
construction, and 1 year for installation of technical eyss: a total of 4.5 to 6 years for
construction of the beam-line. There are a number of ishuste different between NuMI
and a new beam-line to DUSEL. These are related to the grdatemwards angle of the
DUSEL beam-line and the proximity of the DUSEL beam-linette ENAL site boundaries.

These issues and their mitigation will be addressed in aragpaote [61].
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be built: the underground cavern construction and manuifiact of large numbers of photo-
multiplier tubes. For both the single cavern and the mutgavern concepts of the detector
a significant period of exploratory excavations and borefialill be needed. After this
period (~ 1— 2 yrs) approximately 5 to 6 yrs of excavation is needed tohréhe needed
total volume. The PMT manufacturing period depends on tluécehof the PMT, which is
different for the two different concepts for the detectoar 2O inch PMTs, the UNO plan
calls for manufacturing 56000 tubes in about 8-10 yrs. FertHbmestake multiple module
proposal, the plan calls for manufacturing 10-12 inch PMTth\a rate of about 150000
tubes in 6-7 yrs. The collaborations are communicating Wwith large manufacturers of
hemispherical PMTs. Preliminary conclusions are that edd¢he two manufactures have
sufficient capacity currently to produce 10-12 inch diam@fTs at about 1/2 the rate that
is needed for these projects. For either choice, smalleargel diameter, the production
capacity needs to be enhanced to meet the need, but themarésteeded in not considered
extraordinary. There could be bottlenecks in productiomaterials (for example, glass)
that need to be fully understood.

Construction of a very large LARTPC: The cost and schedule estimate for a very large
liquid argon TPC of size (50 to 100 kTon) must be preceded leyiasof development steps.
Although the viability of the technique has been estabtidhethe ICARUS group, a factor

of 10 cost reduction is required to make a very large detestonomically possible. The
development program is outlined in [65] and contains thmegepts. One project involves
techniques for the purification of liquid argon to achieved@lectron drift times, low noise
electronics design, and materials qualification. A secaongept is the construction of &3

ton module to test design concepts for the very large dateata the third project is the
design and construction ofal KT detector to be constructed using the techniques pradpose
for the very large detector.

The first project is in progress at FNAL and Yale. Long (manylisgicond) electron drift
lifetimes have been achieved and the project is expectegltommplete by mid 2007. Depen-
dent on funding the second project could produce resultedgihd of 2007. The siting and
mass of the detector to be proposed for the third projectadendiscussion. Once a choice
is made, the group would like to start the design immediategmpletion of the design for
project 3 is expected to take 1 year and requires successhpletion of the other projects.
A preliminary cost for project 3 at this time is $10 M. The above program is essential for
a LARTPC detector on the surface or underground. The codtdatipns for siting a very
large detector at underground locations are being disdubséthey need further work.
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APPENDIX A: ANSWERS TO QUESTIONS RAISED BY NUSAG

1. Noting the existence of discrepant sensitivity calculains even for the same detector, it
would be most useful to have any such calculations performedith consistent assumptions
and methodologies.

a) Fixed, common, stated values of the mixing parameters n@axplicitly under study.

b) Common, stated and plotted, cross sections vs. En. Commastated nuclear models.

c) Stated assumptions about energy resolution, backgrounetjection.

d) If appropriate, common total p.o.t. If sensible, use a cormon proton energy and anti-nu
running fraction. If not, state the optima chosen.

e) What methods are used to extract the oscillation paramets from the final event sample
(counting? fitting the spectrum?)

f) Standardized, stated method for defining sensitivity.

2. Give sufficient detail in tables and/or plots to allow a reder to understand how the
numbers for rates or sensitivities are obtained. We would gxect that many of the results
would be easily accessible to a physicist with a calculatoilere are some useful inputs that
come to mind (meant as a guide only):

a) Specify the signal channel(s). (We will assume here that is quasi-elastic.) b) What
simple cuts (energy, etc.), if any, do you apply?

¢) The number of INTRINSIC ve events reconstructed as signal, and their reconstructed
energy spectrum (in reconstructed Enu(QE) or Evis, or Ee, or whagver you'll use.)

d) What is the purity of the QE selection, that is, for true ve events, what fraction of those
selected as QE are actually QE (as a function of E)?

e) The total number of NC ri° events, and spectra vs. true Enu and® momentum.

f) The number of NC 1° events reconstructed as signal, and their reconstructed engy
spectrum. What is the true Enu spectrum for the NC piO events reonstructed as signal?

g) The NC 1° rejection assumed, as a function of...7> momentum?)

h) The assumed systematic errors on each of the backgroundsjtivany relevant depen-
dence on energy. How are these estimates arrived at?

I) The assumed signal efficiency as a function of energy. How aithese estimates arrived
at?

j) Provide tables and spectra (vs. true and reconstructedk,) giving the initial population
of events, before cuts, by process (QE, CCpi+, DIS,...), howdse numbers diminish as the
cuts are applied, and in the final sample at the various oscéition parameter test points. An
entry at the 3-s sensitivity limit would be informative. Scdter-plots of reconstructed vs. true
En for individual signal and background channels may be informative.
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3. Specify the level of simulation that goes into your curretly-generated sensitivity esti-
mates. For example:

a) How is energy resolution treated? Give a plot of the assunaeenergy resolution (electron
energy and neutrino energy) vs. energy.

b) How is the selection of QE events treated?

¢) How is the rejection of pi0’s modeled?

We are grateful to the NUSAG committee to provide questitias tould be used to guide the
study. The report was written with the desire to answer tlgesstions. Some of the details that
these questions ask for are in the supporting documentshwdaio be obtained from the study
website: http://nwg.phy.bnl.gov/fnal-bnl/To keep the length of the report minimum we have
decided not to repeat the material that can be found in thg bbthe report.

4. What near detector location/size/technology/performace/cost is assumed/needed to
achieve the assumed systematic errors?

In section 10.1 we have summarized the thoughts on the nesotdeissues for the Phase-I1(B)
DUSEL based broadband approach. The requirement on syistesmar on the background are
relatively modest (10%). The harshest requirement migluroihe energy scale systematic of 1%
which is needed to achieve the best precision on the atmosgiagameters aﬁn‘%z and sirf 263.
The main technical issues for the near detector are theidoctdr its deployment, the deviation
from 1/r2 behavior of the flux due to the close location of the deteetod the high event rate at
the near site. The study did not look at these problems inlddtartunately, there is now rich
experience on these issues from the running NuMI-MINOS expnt. Most of this experience
can be applied directly to the future project.

For Phase-lI(A) approach using the NuMI offaxis beam, thar mietector requirements have
not been studied. The location of such a detector could beeiexisting tunnel that connects the
NuMI near detector site to the beam tunnel. The study hasoo&eld at the event rates or potential
difficulties due to the deviation from botlyd? behavior and from having a source with a wider
angular acceptance at the near detector than the far detecto

5. If possible, for comparison purposes, use the same methaldgies to make parallel
sensitivity estimates for NoVA (single detector) and T2K. Wiat sensitivity for NoVA do you
calculate for the same number of p.o.t. assumed in questior?1 Please see Section 13.2.

6. All sensitivity calculations for off-axis configurations must include events from neutri-
nos in the high-energy peak from kaon decay.

The detector performance criteria are in Section 13.2.

7. What detector technologies are still worth pursuing for a2nd off-axis detector — Liquid
scintillator? Water Cerenkov? Liquid Argon? Other?

Over the past several years, three potential detector tdémfies have been considered for a
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next generation experiment: liquid scintillator (simitarNOvA), water Cherenkov and a liquid
argon TPC. Here, we summarize the conclusions which have beee to date in regard to the
detector technology that would be best suited to the of-briam.

Studies of a massive liquid scintillator detector usinggineulations developed for N\A have
shown that the backgrounds (mostly neutral current) woel@proximately 1:1 with the signal
at the second maximum and this option was not consideregiurt

A water Cherenkov detector of the size proposed for DUSELdgule sufficient rate in the
NuMI beam, though there might again be a question of backgtoejection. However it has been
concluded that this size of detector must be sited deep gralerd to avoid being swamped by
cosmic ray muons and there is no existing deep site avaitbiey the NuMI beam, and so we do
not consider this a viable option.

A liquid argon TPC has the advantages of high efficiency agti biackground rejection for
neutral current events, using the high spatial resolufidrus for the same sensitivity in the same
beam it can be factors of around 3 smaller than a water Chevetddector. For the sensitivity
studies we have assumed liquid argon detector(s) with bftdtezial mass of 100 kTon.

8. There were several references to the possibility of a detier at ~250 km in the NuMI
beam. Is this being pursued by the Working Group? What are thegeneral properties of this
approach?

Shorter baseline lengths for NuMI off-axis detectors hagerbconsidered in the literature
[34]. For example, for a baseline of 250 km, the first and sdamstillation maxima are at 0.50
GeV and 0.17 GeV, respectively. There are two reasons fagidering shorter baselines: small
matter effects and larger numbers of events because ofdkerdlistance. This solution, however
has several difficulties. The main ones are: i) The low ewrsrgieeded forces us to consider
large off-axis anglesx 40mrad) where the flux of neutrinos is rather poor and the contananat
from high energy neutrinos from kaon decay large. This lgrgegates the advantages of the
larger flux because of the closer distance. The event ratdeaasily obtained from [12] by
scaling. ii) Natural choice for a detector at these energeswater Cherenkov counter. Since
most of the events at these energies are quasi-elasticshioh\a water Cherenkov detector has
good efficiency, little is gained by utilizing a liquid argdiPC. The water Cherenkov detectors
needed are too large for operation on the surface as exglan8ection 12. iii) For the first
oscillation maximum, an experiment with almost identicatgmeters is already being carried out
in Japan (T2K). Combining the results of T2K and Phase-I ofWlseprogram is a subject of
various reviews[77].

9. Provide cost and schedule estimates for the same fiducialass and PMT cover-
age/channel count used for sensitivity estimates. (We reaé that fiducial/total mass ratios
may be hard to estimate, but the assumptions should be statgd
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We hope that the committee understands that the work reporthis study was carried out in
parallel in a very short period of time. In addition, membefs¢he study group are considering
several options for detector sites and design. Therefaeedifficult to obtain complete consis-
tency in the assumptions that went into simulations verstisatior design and cost estimates, etc.
Obviously we will do the best we can to point out the varioumsoof departure and will depend
on good judgment.

The design and cost for a detector in the Henderson labgratxe provided in the presentation
of Prof. Chang kee Jung at [58]. The fiducial volume for UNO wastgd to be 440 kT at a
preliminary cost of $437M.

A conceptual detector design for 300 KT for Homestake wasapried to the committee in [59].
The authors of that report provided the following answertlf@ir choices:

A single 100 kiloton module will have a cylindrical fiduciabume with a diameter of 50 me-
ters and a height of 50 meters. The PMTs on the vertical faddetylinder will have their
photo-cathodes on the surface of a 52 meter diameter cylindee top and bottom PMTs will
be separated by 52 meters. This layout defines a fiducial what begins 1 meter inside the
PMT photo-cathode surface. In addition, there will be 0.%aneeto region surrounding the entire
detector so that the chamber walls will be on a 53 meter dianogtinder.

Our budget estimate for the excavation of the detector clkeambs based on a 50 meter diam-
eter by 50 meter high cylinder. The change from 50 meter to &®ra involves a volume increase
of 18% and a surface area increase of 12%. Although our bumgakdown details permit us to
apply the above scale factors to each of the volume and suaf@a budget items, we decided, for
this answer to merely use an average cost increase of 15%. yipdied to a single module, the
construction cost increases from $29.1 million to $33.3iaml Note, that these numbers include
a contingency of 30%. The total single 100 kiloton detectmtincreases from $116.6 million to
$121 million, an increase of 3.6%.

Similarly, when this cost increase factor is applied to ¢hdetectors, the three chamber cost
increases from $66.1 million to $76 million and the totakndetector cost increases from $308.9
million to $318.8 million.

In the above we not included the effect of moving the PMTs fthenoriginal 50 meter diameter
cylinder to a 52 meter diameter cylinder, a surface areaas® of 8%. If apply this factor to the
previously assumed PMT and associated electronics cog21 $nillion this creates another $5
million increase per 100 kiloton detector. The final costudag all contingencies is then $126
million for a single 100 kiloton detector and $323.8 milliéor three such detectors. The above
increase is less than 10% for budget that has a contingeratyoaft 34%.

Finally, the simulations for the background estimates wepmrted in [38]. They were per-
formed with the exact geometry of the Super-Kamiokandeatetgwith 40% PMT coverage
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using 20 inch diameter tubes). The Homestake detector £dst L1 inch tubes and 25% cover-
age. We are confident that this coverage is sufficient beaafuseveral factors. First, the PMT
information both Hamamatsu and Photonis shows that sndibeneter semi-hemispheric tubes
have higher quantum efficiency (QE) than the 20 inch tubesfample, the Hamamatsu 10.5 inch
tube has QE of 25% and the 20 inch tubes has QE of 20% at 390 nimdiflerence is appar-
ently well-known and documented. Secondly, the collecgdiitiency (efficiency of collecting
the photo-electron into the dynode structure) is also kntawine larger for the smaller diameter
tubes. The collection efficiency factor (an increase of a8 for the 10.5 inch tubes versus the
20 inch) is not well documented. Therefore, if correctedlgse two effects, the 25% coverage
with smaller 10.5 inch tubes corresponds to 35% coveraggb@b x %5) x 1.13) with the 20 inch
photomultiplier tubes. We also expect that with a largeedetr and far larger granularity, the
background rejection will get better requiring less totaverage. Nevertheless, we understand
that all of the above has to be demonstrated with benchtoguneaents and detailed simulations
for which we would like to ask for substantial R&D funds. If weust increase the coverage to
40% to achieve the physics goals then the cost increase avéipproximately $112M which is
certainly beyond the contingency we have allowed at thiatpoi

10. For the modular water Cherenkov approach, are you definig 3 modules as your
baseline detector?

The authors of report [59] reply:

“Yes, there are three main reasons we believe 3 modules iptanwon choice to start with.
First, because of the long running times possible at FNALpjears that a 300 kTon fiducial
mass is sufficient to reach the desired sensitivity for meotoscillations. Second, it is clear
that for proton decay searches a larger detector is needethricurrent background projections
a few background events are expected in favored decay mdeseaposure of 1 MT-yr. We
believe that proton decay searches will benefit from furthetector and analysis improvements
after reaching this level of sensitivity. Any modules baitter the first 3 modules will benefit from
this knowledge. Third, there is considerable cost savingthsting the simultaneous construction
of 3 cavities in the region of relatively well-known Homdstarock near the Ray Davis Chlorine
chamber as explained in [59].”

11. For the water Cherenkov counters, we will be eager to heawf progress in algorithms
for rejecting m°s (and the testing of them). What is the increase i rejection over that
achieved by Super-K (as a function ofri® energy) assumed in your current calculations?
What have you reached with your own simulations/algorithm® Describe briefly the algo-
rithmic improvements. Does this rejection depend more on ttal photo-cathode coverage, or
on granularity?

The detailed account of theP rejection is described in the accompanying report by C. Yanag

89



isawa et al. [39] as well as in the presentations by Yanagisawd Dufour [38, 40]. It is also
summarized in section 10.1.

The improvement to the signal to background depends on thiime spectrum and neutrino
oscillation parameters. In the following we use the samdrimeuenergy spectrum and the same
neutrino oscillation parameters as used in the above reythtthe CP violating phase of 45
degrees.

For the baseline of 1480 km (Fermilab to Henderson), usiegnéw algorithm the signal to
the background ratio can be improved from 0.30 to 1.9, whataining 40% of the signal events
accepted by the current Super-Kamiokande algorithm. Fedbdéseline of 2540 km (BNL to Home-
stake), using the new algorithm the signal to the backgraatid can be improved from 0.35 to
2.1, while retaining 40% of the signal events accepted bygtineent Super-Kamiokande algorithm.

Dependence of these results above on the granuarity andgattbbde coverage has not been
studied in a systematic fashion, as we extensively usedrS(gaiokande-| (photocathode cov-
erage of 40%) Monte Carlo sample. It is also found that, given40% photocathode coverage,
the signal to background ratio can be significantly impraoiegcheutrino events with reconstructed
neutrino energy ok 1.2 GeV for a detector with better granularity. Other obagons concerning
this issue are touched upon in section 10.1.

12. Though the worldwide community of proponents of large wagr Cerenkov detectors
seems to cooperate in simulations, algorithms, etc., we d@nsee evidence that there is any
global planning (site-independent design studies or physs programs, etc.) underway for
such a detector. Please comment.

One of the most useful results of the NUSAG process has beecotbperation in simulations
and algorithms for large water Cherenkov detectors. Thigpemiion was most evident in the
participation from the T2KK group in our discussions. Weéalso had fruitful interactions with
the proponents of the Frejus based water Cherenkov detectors

The description and calculations for the water Cherenkovaggh in this report was a result
of cooperation between two US based groups: the UNO groupvdnats to develop a single very
large cavern for the detector and the Homestake based graich wants to develop the detector in
multiple modules. Both groups have worked together to unaedsand suppress the backgrounds
in the detector and also have settled on a similar physiesegty for addressing CP violation in
neutrino oscillations.

There are currently 5 well considered proposals for a veryelavater Cherenkov detector
worldwide: Hyper-kamiokande detector in Japan, a possigiector in Korea on the same neutrino
beamline as JPARC to Super-Kamiokande, a very large detedtos Frejus laboratory in France,
and the two possible sites for DUSEL (Homestake or Hendemsioes) in the U.S with either
a large single volume detector(UNO) or a detector in mudtiplodules such as the Homestake
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proposal. A long baseline neutrino oscillation programhvd@mphasis on reaching sensitivity to
CP violation in neutrino mixing is central to all these proglss Therefore we believe there is good
cooperation and agreement on the issue of the physics pndgrasuch a detector.

The other two factors for such a detector are a) site devedoprand b) photo-sensor and elec-
tronics R&D and acquisition. The site development is a vergdagart of this detector design,
and therefore must be handled locally. There is cooperatimhcommunication between these
groups to compare costs and schedule for the site develdpmba costs and schedules appear
understandable after considering the differences betitee@ngineering and accounting practices
in these geographic region, but we do not see how global sitependent planning can be per-
formed here. The photo-sensor and electronics R&D is the mlmhiitem in these projects. For
the photo-sensor R&D we agree that good cooperation coulcelpéuh and lower the costs for
everyone.

It should be remarked that each of the above geographican®fas a unique virtue for lo-
cating this massive detector. For Frejus, it is the avditsgnf CERN as a neutrino source and
the deep location next to the Frejus highway tunnel. For bbtherK and the Korea based de-
tectors the uniqueness lies in the location on an existingrim® beamline from JPARC. For the
US sites the uniqueness is in first the distance availablke ffermilab or BNL ¢1000km) which
is now recognized as essential for performing the next geiogr experiment with large CP and
matter effects, and second the depth available at the pat@WSEL sites to suppress cosmo-
genic backgrounds. Finally, the size of the detector ptejace large but at a scale that could be
contemplated on a national level. Therefore, global plagrior a single such detector and site
independent studies (in the manner of a very large accelguatject), is perhaps not warranted.

For Liquid Argon:

These questions were answered by the liquid argon subghganswers were coordinated
by Prof. Bonnie Fleming.

NuSAG recommends that the Liquid Argon group reweight its emghasis from sensitiv-
ity/reconstruction/pattern recognition to hardware issues and cost estimates. We realize that
a full switch cannot occur if the LAr group is a big part of the more generic off-axis calcu-
lations in the Working Group, but, for example, LAr-specific r econstruction and particle 1D
algorithms seem less pressing than technical feasibility.

13. What has actually been measured on purity of the Ar in a tak made with industrial
technology? If not yet tried, when will the first tests be?

Response: No tests have yet been performed on purity of Amgantank made with the in-
dustrial technology necessary for construction of a masd@tector. This test will require a large
tank, ~1 kTon, constructed using the same techniques as a largetatet&his project has been
envisaged by the LArTPC group as outlined in their report tt5SNG in 2005. A specific plan
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for this component of the R&D path is presently under study exykcted to converge within a
year. In the meantime, small scale tests using the MatdiggsStand at Fermilab (see writeup for
details) will have first results addressing purity issuethinithis year.

14. When do you expect to have tried 3-m drifts and long wiresn the US? What effect
will the capacitance of very long wires have on electronic nee?

Response: A program to study 5m drifts using a prototype Ves$eermilab is in the design
stages. Depending on funding, results from this projecegpected within the next two years. As
well, long drift tests are underway in Europe on the samedoake.

A 30m long wire with 4 meters of interconnecting cable to &lmacs will have a capacitance
of 620pF [52]. Using commercial amplifiers, a signal to na$e-9 can be achieved, adequate
for LArTPCs. Another configuration that has been consideset iuse cold electronics, elimi-
nating the interconnecting cable. This option is underyatdMichigan State University in Carl
Bromberg’s group.

15. What are the R&D milestones, with an estimated schedul¢hat would lead to a first
realistic cost estimate for a detector of the 2nd-off-axis iowide-band class?

Response: Before developing a realistic cost estimate forssiugadetector, 50-100kTons in
size, a reasonably sized, scaled down version of the madsteetor should be constructed and
operated. This detector will test purity in a vessel cortdéd using the same industrial techniques
envisaged for the large detector, electronics, abilityandie cosmic ray rate, and cellular design.
As well, smaller scale tests such as the 5m drift test, lomgsitest etc, as described in the summary
document, are necessary. However, it is the 1kTon scalthsdrives the schedule. The schedule
for this project is not yet fully fleshed out.
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APPENDIX B: NUSAG CHARGE

The charge letter is reproduced on the next two pages
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U.S. Department of Energy
and the
National Science Foundation

March 3, 2006
Professor Eugene Beier Professor Peter Meyers
Co-Chair, NuSAG Co-Chair, NuSAG
University of Pennsylvania Princeton University
209 South 33rd Street 306 Jadwin Hall
Philadelphia, PA 19104 Princeton, NJ 08544

Dear Professors Beier and Meyers:

We would like to thank you and the Neutrino Scientific Assessment Group (NuSAG) for your
timely and thoughtful responses to the initial questions that were posed to you, concerning
neutrinoless double beta decay, reactor experiments and accelerator-based experiments to
determine fundamental neutrino properties. They have already been very useful and will help us
put together a strong US program in neutrino physics.

We would now like your group to address the APS Study’s recommendation for a next-generation
neutrino beam and detector configurations. Assuming a megawatt class proton accelerator as a
neutrino source, please answer the following questions for accelerator-detector configurations
including those needed for a multi-phase off-axis program and a very-long-baseline broad-band
program. This assessment will be used as one of the key elements to guide the direction and
timeline of such a possible next generation neutrino beam facility.

In your assessment, NuSAG should look at the scientific potential of the facility, the timeliness of
its scientific output, and its place in the broad international context. Specifically:

e Scientific potential: What are the important physics questions that can be addressed at
the envisioned neutrino beam facility?

e Associated detector options: What are the associated detector options which might be
needed to fully realize the envisioned physics potentials? What are the rough cost ranges
for these detector options?

e Optimal timeline: What would be the optimal construction and operation timeline for
each accelerator-detector configuration, taking the international context into account?

e Other scientific considerations: What other scientific considerations, such as results
from other neutrino experiments, will be important in order to optimally determine the
design parameters? What would be additional important physics questions that can be
addressed in the same detector(s)?

The DOE and the NSF would like a preliminary draft of your report by December 2006, with a
final version by February 2007.
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Thank you in advanee for your dedication to addressing these important and challenging
questions.

Sincerely.
e \ o , v
! - [ . ] - i --ﬁ-‘__"—‘—-v—_.
Dieninis Kovar Robin Staffin ' Micheel §. Tumer
Associae Dircetor Associale Directar Assistant Director
Office of Nuclear Physics Office of High Energy Physics  Mathematical end
Department of Encrgy Department of Energy Physical Sciences

Mational Science Foundation
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APPENDIX C: CHARGE TO THIS WORKING GROUP

April 5, 2006

Dear Colleague,

This letter is being sent to you as a follow-up to the Long Baseline
Workshop held at Fermilab on March 6-7. This mailing list is composed
of those who attended the study and signed up to receive further
information or have subsequently expressed interest in the

study. Since the kick off meeting we have redrafted the goals of the
study. We have inserted a time scale which we judge to be

achievable. The is goal is described in the attached document. You can
anticipate that within days you will get a further document in which
Milind Diwan and Regina Rameika have attempted to parse the study goals
into a set of work packages. We would like to hear from people who are
prepared to do some work on these issues. Especially we would be very

happy to hear from people new to these studies.

However, as you might expect we do have some likely suspects in mind
and Gina and Milind will be contacting people to help. Finally, we
will also be recruiting an Organising/Advisory Committee to help us
guide this study. We look forward to seeing progress on this study and
would welcome your suggestions for additions, adjustments and

approach.

With Best Regards,

Sally & Mont

Sally Dawson, Chair, Physics Department, Brookhaven National Laboratory.

Hugh Montgomery, Associate Director, Fermi Natinal Accelerator Laboratory
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U.S. Long Baseline Neutrino Experiment Study
April 3,2006

Preamble:

The Fermilab Proton Driver (FPD) Study conducted in 2004/05 concluded that Neutrino Oscillation physics provides
the main motivation for the FPD, and that the physics case is strong. In addition, the Fermilab 8 GeV linac beam could
support other physics experiments in parallel with an upgraded NuMI-based neutrino program. The study results were
presented to the Fermilab PAC in the 2005 Aspen meeting, and were well received. However, the PAC expressed
interest in the possibility of a further generation of neutrino oscillation experiments at a FPD (beyond NOvA) but
anchored by the NuMI facility.

Brookhaven National Laboratory has considered in some detail a very long baseline neutrino oscillations (VLBNO)
concept using an on-axis, wide band beam but with a very large detector at a longer distance. This beam could
originate from either Fermilab or BNL. This approach requires a large underground detector presumably located at the
NSF’s planned DUSEL facility, which would also have potential for other frontier physics in addition to neutrino
oscillation physics.

While these two approaches have a common goal of understanding neutrino masses and mixings, they are clearly
different. We would like to have a thorough study and exploration of the differences and potential of the two
approaches. To that end we have drafted a charge for a joint Fermilab/BNL study, the results of which could form the
basis for a national program in neutrino physics. This charge follows an initial short workshop which laid out some of
the issues:

http://www.fnal.gov/directorate/DirReviews/Neutrino Wrkshp.html

Timescale:
The United States neutrino community is heavily engaged in operation and analysis of its existing program. On the
other hand there are active discussions within advisory bodies and the agencies with a view to setting directions for
future facilities inside the next year.
It would be desirable to see results of this U.S. Long Baseline Neutrino Experiment Study before October 2006,
with a preliminary report by July 15, 2006.
U.S. Long Baseline Neutrino Experiment Study
Compare the neutrino oscillation physics potential of:
1. A broad-band proposal using a either an upgraded beam of around 1 MW from the current Fermilab accelerator

complex or a future Fermilab Proton Driver neutrino beam aimed at a DUSEL-based detector. Compare these

results with those previously obtained for a high intensity beam from BNL to DUSEL.

2. Off-Axis next generation options using a 1-2 MW neutrino beam from Fermilab and a liquid argon detector at
either DUSEL or as a second detector for the Nova experiment.

Considerations of each should include:

1) As a function of 63, the ability to establish a finite 6 3, determine the mass hierarchy, and search for CP violation
and, for each measurement, the limiting systematic uncertainties.

ii) The precision with which each of the oscillation parameters can be measured and the ability to therefore discriminate
between neutrino mass models.

i) Experiment Design Concepts including:

Optimum proton beam energy

Optimum geometries

Detector Technology 97
Cost Guesstimate



APPENDIX D: STUDY GROUP MEMBERSHIP

Chairs

Sarah Dawson (co-chair)

Hugh Montgomery (co-chai

Brookhaven National Lab.

dawson@bnl.gov

ifrermi National Accelerator Lalmont@fnal.gov

International Advisory Group

Milind Diwan (co-leader)
Regina Rameika (co-lead
Joshua Klein
Franco Cervelli
Maury Goodman
Bonnie Fleming
Karsten Heeger
Steven Parke
Takaaki Kajita

Brookhaven National Lab.
#Fermi National Accelerator La
University of Texas

INFN, Pisa

Argon National Lab.

Yale University

Lawrence Berkeley Lab.
Fermi National Acc. Lab.
University of Tokyo

diwan@bnl.gov
wameika@fnal.gov
jrk@mail.hep.utexas.edu
franco.cervelli@pi.infn.it
maury.goodman@ANL.GOV
bonnie.fleming@yale.edu
KMHeeger@LBL.GOV

parke @FNAL.GOV
kajita@suketto.icrr.u-tokyo.ac.jp

A full list of participants is available at http://nwg.pbwyl.gov~diwan/nwg/fnal-bnl/folks.txt
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APPENDIX E: RELEVANT RESOURCES AND URLS FOR THE STUDY GROUP

Main websites for this study group are:
http://home.fnal.gov/ rameika/LBStudy/LBL mainframe.htm
http://nwg.phy.bnl.gov/fnal-bnl/

Additional materials can be found at:
http://www.fnal.gov/directorate/DirReviews/NeutrizMirkshp.html
http://www.hep.net/nusagub/May2006talks.html
http://ww-numi.fnal.gov/

http://nwg.phy.bnl.gov/
http://www-lartpc.fnal.gov/LBStudy.Ar/2006LB.html
http://www.dusel.org/

http://www.lbl.gov/nsd/homestake/
http://nngroup.physics.sunysb.edu/husep/
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APPENDIX F: SCHEDULE OF MEETINGS AND REPORT PREPARATION

Most of the work of the working group was carried out by smabgroups that worked on the
individual documents. The work was mostly carried out by karad telephone. The following
meetings were very helpful for wider interactions.

November 14, 2005 FNAL/BNL meeting to explore collaboratiBNL

March 3, 2006 Charge letter for NUSAG to examine APS studymecendation for
a next generation neutrino beam and detector configuration

March 6-7, 2006 First kick-off workshop for organizationtbé study at FNAL

April 5, 2006 Charge letter to the study from Dawson and Momntgry

April 11, 2006 Preparation of the task list and assignments

May 20, 2006 Presentations to NuSAG committee about the stu@hicago

June 27-28, 2006 Second workshop on detector technologiddAd.

July 6, 2006 Status report to HEPAP from NuSAG, presentdijoR. Meyers,
HEPAP meeting in Washington D.C.

July 15, 2006 Deadline for preparation of individual repdrom the task list

September 16-17, 2006 Third workshop on preparation ofdime gummary report

October 16, 2006 Deadline for presentation of the joint repo

December, 2006 Deadline of report from NuSAG to HEPAP

Other meetings of note where interactions took place are
June 13-19, 2006  Neutrino 2006, Conference in Santa Fe

July 11-21, 2006  Neutrino Physics with Liquid Argon TPCs,éerélniv.
August 24-30, 2006 NuFact 06 Workshop, UC/Irvine

Sep 21-23,2006  NNNO6, University of Washington

March 29-30, 2007 Fermilab Physics Advisory Meeting
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